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ABSTRACT 
The variation in basic density, tracheid length, cell wall thickness of early and 
latewood, extractive, cellulose and lignin content, between families and between clones 
within families were examined in radiata pine (Pinus radiata D.Don). Significant 
variations in a number of wood properties are found between families and between clones 
within families. * 
Clonal variation appears greater than between family variation suggesting that 
it may be beneficial to use clonal selection within superior families to select for specific 
(desirable) wood characteristics. In this study the possibility of selecting radiata pine (P. 
radiata ) families and clones at an early age with suitable wood characteristics for thermo-
mechanical pulping is discussed. 
*The studies showed that for some wood properties (basic density, tracheid 
length, extractive content and cellulose content) significant differences were 
found between families at age 15, with the exception of cellulose content, 
I there was no significant difference in these properties between the same 
families at age 6. 
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CHAPTER ONE 
INTRODUCTION AND AIM OF STUDY 
1.1. Introduction 
Radiata pine (Pinus radiata D. Don) is the most important plantation species 
in Australia, New Zealand and Chile. It is suitable for a wide range of industrial uses 
such as structural timber, pulp and paper, reconstituted panels and preservative treated 
poles, posts and piles (Grayburn and Fry 1982). Reports indicate about 1,100,000 
hectares in New Zealand (Anon. 1988) and 600,000 hectares in Chile have been planted 
(Bamber and Burley 1983). In Australia, plantations of radiata pine commenced in South 
Australia in 1880, and in New South Wales in 1915 (Fielding 1957). By 1986, the area 
of plantations of radiata pine in Australia was 599,456 hectares or 72 per cent of the total 
plantation area of 832,172 hectares (A.B.A.R.E. 1987). 
Radiata pine is panicularly suitable for the production of pulp for use in kraft 
paper, newsprint and tissues (Flowers et al. 1979). Thermo-mechanical pulping 
(T.M.P.) is being increasingly used for the production of pulp for newsprint and tissues in 
Australia (B.A.E. 1986). In this process, wood chips are heated by pressurised steam at 
140 kPa at a temperature of 120-135°C, fed into twin disc refiners and then passed 
through an additional twin disc refiner at atmospheric pressure to produce a high yield 
pulp (e.g. 90% ), which has a markedly higher strength than pulp produced from 
* groundwood. About 60 per cent of newsprint production (i.e. 372,000 t 1n 1984-85) in 
Australia is based on T.M.P. pulp (B.A.E. 1986). 
*tonnes 
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The biggest supplier of newsprint in Australia, using T.M.P. pulp , is 
Australian News Mills (ANM) which produced 73 per cent of the market share in 1982-
83 and 55 per cent in 1984-85. Kimberly-Clark Australia has a market share of about 47 
per cent of household sanitary tissues and also uses radiata pine T.M.P. Pulp. 
The demand for wood and wood based products in Australia is expected to 
increase steadily and newsprint and tissues are expected to show annual increases in 
consumption of 1.0 and 1.8 per cent respectively to the year 2000. Demand for T.M.P. 
pulp is expected to increase even more rapidly by 3.5 per cent per annum to the year 2000 
(i.e. 387,000 tin the year 2000) (B.A.E. 1985, 1986). 
The projected increases in demand for wood resources require increased 
efficiency in the utilization of wood. Such requirements demand a better understanding of 
the relationship between wood properties and specific end uses. However, the most 
desirable wood properties of radiata pine for (T.M.P.), for news print production have not 
been precisely determined (Humphreys 1988), although some previous investigators 
(Thulin and Faulds 1968; Carson 1986) have started to define the characteristics required 
for the production of higher quality radiata pine T.M.P. pulp. In accordance with other 
pulping processes, the following characteristics may be desirable for both pulp and paper 
quality produced by T .M.P.; 
(i) higher density (Einspahr 1972; Yamauchi and Kibblewhite 1988), 
(ii) longer fibre length (Corson 1984;Einspahr 1972), 
(iii) reduced cell wall thickness (Burley 1982); and 
(iv) lower extractive content (Richardson and Bloom 1982), higher 
cellulose content and lower lignin content (Haygreen and Bowyer 
1982; Hillis and Rozsa 1978). 
Attempts to improve the wood quality of plantation grown radiata pine require 
an understanding of how wood properties vary as a result of many controlling factors 
including genetic constitution, family or clonal differences (Zobel 1970; Burley 1982), 
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age effects (Loe and Mackney 1953; Cown 1980), site (Burdon and Harris 1973; 
Cown and Kibblewhite 1980) and silvicultural practices (Cown 1973; Cown and 
McConchie 1982). Appropriate tree breeding procedures can increase yield and 
also improve other tree characteristics such as straightness, crown form and disease 
resistance (Zobel 1964, Van Buijtenen 1967, 1969, Zobel et al. 1971). It is pertinent to 
consider whether wood properties of relevance to the pulp and paper industry such as tree 
which 
moisture content, density and tracheid length are under strong genetic control may also be 
" 
altered by tree improvement schemes. 
1.2. Aim of study 
Material which permitted a study of variation between and within selected 
families and clones and between old (15 years old) and young (6 years old) trees of 
radiata pine was available at Tallaganda forest and at Tarago in southern N.S.W. The 
study described within this thesis examined, firstly, variation in fibre morphology, 
chemical composition and density between and within selected families and clones of 
radiata pine, and the possibility of ranking selected families and clones with regard to their 
(T.M.P.) . 
suitability for thermo-mechanical pulping. Secondly, it examined the variation of wood 
" properties between old and young trees to determine if young trees could be used to select 
the families and clones with the most desirable wood properties. 
4 
CHAPTER TWO 
EXTENT AND CAUSES OF WOOD PROPERTY VARIATION 
IN RADIATA PINE 
2.1. Introduction 
Over the life of a tree the age of the cambial layer is an important determinant 
of the physical and chemical composition of wood (Wilson and White 1986). Wood 
properties may also be influenced by environmental, site (e.g. soil type, rainfall, mean 
and maximum/minimum temperature, solar radiation, altitude and latitude) and 
anthropogenic factors (e.g. tree spacing/ thinning, pruning, irrigation, weed control and 
pest control) which exert an influence on cambial activity. Larson ( 1969) states, with 
regard to wood properties, that 
"During wood formation, numerous factors both inside and outside the tree 
lead to variation in the type, number, site, shape, physical structure, and 
chemical composition of the wood elements. Users of wood are concerned 
with wood quality which is the arbitrary classification of these variations in 
the wood elements when they are counted, measured, weighed, analysed, or 
evaluated for some special purposes" (Haygreen and Bowyer 1982). 
There are distinct patterns of variations of wood properties in stems both 
within and between trees of radiata pine which affect the quality of wood for thermo-
mechanical pulping. Variation in wood properties of radiata pine is found between trees 
(Hughes and Mackney 1949, Fielding and Brown 1960, Cown 1974, Desch and 
Dinwoodie 1981, Bamber and Burley 1983, Cown and McConchie 1983) according to 
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age (Loe and Mackney 1953, Cown 1975, 1980, Cown and McConchie 1980, 1982, 
Nicholls 1986), site (environmental factors) (Panshin et al. 1964, Harris 1965a, Nicholls 
and Brown 1971, Harris et al. 1978, Matziris 1979, Cown and McConchie 1983, Kim et 
al. 1989), genetic constitution (Dadswell et al. 1961, Einspahr et al. 1963, Nicholls et al. 
1963, 1977, Goggan 1964, Ballard and Well 1978, Burley 1982, Walker 1984), and 
silvicultural practices (Fielding and Brown 1961, Gentle et al. 1968, Klem 1968, Wright 
1971, Brazier 1977, Cown 1977, Cown and McConchie 1981). These patterns of 
variation are reviewed in this chapter. 
2.1.1. Within tree variation in basic density and tracheid 
dimensions 
There are a large number of papers concerned with the within tree variation of 
wood properties in radiata pine especially basic density (Turnbull 1948, Hughes and 
Mackney 1949, Loe and Mackney 1953, Zobel 1970, Cown 1974, 1980, Kerr and Swan 
1980, Cown and McConchie 1982, Bamber and Burley 1983, McConchie and Cown 
1984, Mishiro 1984, Nicholls 1986, Wilkes 1987, 1989) and tracheid length (Bisset et al. 
1951, Chalk and Ortiz 1961, Dinwoodie 1961, Nicholls and Dadswell 1962, Harris 
1965c and 1965d, Cown 1975, Brazier 1977, Cown and McConchie 1982, Bamber and 
Burley 1983, Nicholls 1986, Seth et al. 1987, Wilkes 1987). 
Some studies have shown that basic density increases linearly from the pith 
outwards (Figure 2.1) (Turnbull 1948, Cown and MeConchie 1980, Panshin and de 
Zeeuw 1980, Corson 1984, Nicholls 1986) but, in contrast, other studies (Dinwoodie 
1961, Reid 1963a, Uprichard 1971, Bunn 1981, Bamber and Burley 1983) have found 
that the basic density rapidly increases in the first 10-20 growth-rings from the pith, and 
then the rate of increase slows. Tracheid length may also increase linearly outwards from 
the pith (Kerr and Swann 1980, Corson 1984, Nicholls 1986) or may increase rapidly 
from the pith outwards in the first 10-15 growth rings and then remain approximately 
constant (Figure 2.2) (Loe and Mackney 1953, Dadswell 1958, Uprichard 1971, and 
Cown 1975). 
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Figure 2.1. Within tree density variation. (From Cown and McConchie 
1980). 
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Figure 2.2. Within tree density variation from pith to bark. (From Loe and 
Mackney 1953). 
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Basic density also vanes with tree height, increasing from the apex 
downwards (Turnbull 1948, Loe and Mackney 1953, Cown and McConchie 1980). 
Dinwoodie (1961), Nicholls and Dadswell (1962) and Nicholls (1986) investigated 
tracheid length variation in relation to tree height and concluded that "tracheid length 
increases from the apex downwards rapidly at first and then more slowly" (Figure 2.5). 
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Figure 2.3. Vertical basic density distribution in radiata pine 
(From Cown and McConchie 1980). 
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Basic density and tracheid dimension vary not only between growth rings within 
tree but also within growth-rings (Dinwoodie 1961, Chalk and Ortiz 1961, Harris 1965c 
and 1965d, Cown 1974, Bamber and Burley 1983, Walker 1984, Nicholls 1986). Polge 
(1963, 1965) first reported the pattern of within growth ring variation in wood basic 
density and his findings were confirmed by McKinnell (1970) and Walker (1984). Polge 
(1965) found that basic density increased from the first formed earlywood to the last 
formed latewood (Figure 2.4). 
-8 
Ring 1 Ring 2 Ring 3 
1.0 
Pith Earlywood Earlywood 
2.5 5.0 
Radial Distance (cm) 
Figure 2.4. Variation in basic density within growth rings (From Bamber 
and Burley 1983) 
Tracheid dimensions (tracheid length, cell wall thickness and lumen diameter) 
are also significantly different within growth-rings (Figure 2.5) (Chalk and Ortiz 1961, 
Dinwoodie 1961, Nicholls and Dadswell 1962, Harris 1965c and 1965d, Cown 1975, 
Seth et al. 1987). Average tracheid length and cell wall thickness gradually increases 
from the first formed earlywood to last formed latewood but lumen diameter decreases 
(Bamber and Burley 1983). Other wood properties may also vary within tree, for 
example grain angle (Nicholls 1986) and shrinkage (Nicholls 1986), but these have 
relatively little effect on pulp and paper quality. 
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Figure 2.5. Variation of tracheid length in a tree of radiata pine 
(From Nicholls and Dadswell 1962). 
2.1.2. Chemical composition 
Chemical composition of wood can be classified into four principal 
components: cellulose, hemicellulose, lignin and extractives (Browning 1963, 
Smelstorius 1974a, 1974b and 1974c). Chemical composition of wood has an important 
effect on pulp and paper quality in chemical pulping (Wise 1962, Rydholm 1965, Wenzl 
1970) . 
. Results 
suggest that variation in cellulose, lignin and extractive content may influence the quality 
of pulp and paper produced by T.M.P. (Rydholm 1965, Brandal and Lindheim 1966, 
McMillin and Alexandria 1969). Details of the effects of wood quality variation on the 
properties of pulp and paper produced by T.M.P. are given in section 2.7 .3. 
10 
2.2. Effect of tree age (age of cambium) on wood properties 
2.2.1. Introduction 
Within species age of tree, especially age of cambium, the duration and rate of 
cambial activity is a very important determinant of within tree variation in wood properties 
(Dinwoodie 1961, Desch and Dinwoodie 1981, Haygreen and Bowyer 1982). Reck 
(1969) emphasised that young trees are more responsive to environmental and growth 
factors which influence wood properties (Zobel and van Buijtenen 1989). Influence of 
total tree age on wood properties is closely related to the proportion of juvenile wood 
produced. Shorter rotations produce stems with a higher percentage of juvenile wood and 
hence a greater volume of lower density wood (Harris 1965c). 
2.2.2. Effect of age on basic density 
There is a significant variation in the basic density of radiata pine between 
growth rings within a stem due to tree age (Cown 1980, Cown and McConchie 1980, 
1982, McConchie and Cown 1984, Wilkes 1989). Density varies from about 350 kg!m3 
adjacent to the pith to 450 kgtm3 in mature wood (Cown and McConchie 1980). Turnbull 
(1948), Cown and McConchie (1980) Panshin and de Zeeuw (1980), Corson (1984) and 
Nicholls (1986) observed that basic density increased linearly from the pith outwards 
(Figure 2.1) but, in contrast, Loe and Mackney (1953), Dinwoodie (1961), Reid (1963a), 
Uprichard (1971), Bunn (1981) and Bamber and Burley (1983) found that the basic 
density rapidly increased in the first 10-20 growth-rings from the pith, and then the rate of 
increase slowed (Figure 2.2). However, Brister and Fry (1962) confirmed the linear 
increase of density radially but argued that this increase was a consequence of distance 
from pith rather than age (Bamber and Burley 1983). 
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2.2.3. Effect of age on tracheid dimensions (Tracheid length and cell 
wall thickness) 
Tracheid length and cell wall thickness show variation associated with tree 
age (growth ring numbers). Between growth rings, tracheid length may show a linear 
increase outwards from the pith (Cown and McConchie 1980, Kerr and Swann 1980, 
Corson 1984, Nicholls 1986) (Figure 2.6) or may increase rapidly from the pith outwards 
in the first 10-15 growth rings and then remain approximately constant (Figure 2.7) 
(Dadswell 1958, Uprichard 1971, Cown 1975, Bamber and Burley 1983). The 
proportion of thick walled latewood is also strong! y related to age and increases from the 
pith outwards. It represents about 5% of the growth rings adjacent to the pith and about 
30% at about 20 rings from the pith and after that it remains approximately constant 
(Figure 2.8) (Bamber and Burley 1983). 
10 rings 
20 rings 
30 rings 
40 rings 
B.H. 
<2 mm 
l~~~~lI~~, 2-3 mm 
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Figure 2.6. Within tree tracheid length variation. (From Cown and 
McConchie 1980). 
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Figure 2.7. Within tree tracheid length variation (From Bamber and 
Burley 1983). 
8 
~ 20 B 
~ 
-...... 
0 
c1) 
00 10 s 
C: 
c1) 
8 
c1) 
~ 
5 10 15 20 
Ring number from pith 
Figure 2.8. Within tree percentage of latewood variation. (From Bamber 
and Burley 1983). 
2.2.4. Effect of age on chemical composition 
The chemical composition of wood also varies with tree age (Hardwood and 
Uprichard 1969, Kerr and Swann 1980, Uprichard and Lloyd 1980, Sjostrom 1981). 
Extractive, lignin and hemicellulose content decrease, and cellulose content increases 
between rings across the stem (Uprichard and Lloyd 1980; Cown and McConchie 1982) 
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(Figures 2.9-2.11). Hardwood and Uprichard (1969), Uprichard (1971) and Uprichard 
and Lloyd (1980) found an increase of alpha-cellulose over the first 10 to 15 growth-rings 
from the pith, after which it remained approximately constant (Figure 2.10). 
Growth ring number 
--------5 
10 
15 • Extractives % 
20 20 ~ 
r.n 
c1) 
> 
10 . .::l u 
':l°l 
i::1 
>< 
25 0 U-l 
Figure 2.9. Extractive distribution in radiata pine (From U prichard and 
Lloyd 1980). 
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Figure 2.10. Alpha-cellulose distribution in radiata pine (From Uprichard 
and Lloyd 1980). 
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Figure 2.11. Lignin and hemicellulose distribution in radiata pine 
(From Uprichard and Lloyd 1980). 
2.3. Effect of growth rate on wood properties 
Although Zobel and van Buijtenen (1989) claimed growth rate affects density 
and cell dimensions, results in the literature are conflicting. Growth rate of a tree can be 
influenced by environmental and genetic factors and it can also be controlled by 
silvicultural practices and tree breeding. Matziris (1979) and Bannister and Vine (1981) 
found a weak negative correlation of density to radial growth rate, and Cown and 
McConchie (1981) reported a density reduction of 2q% associated with a basal area 
increase of 150%. In contrast, Fielding and Brown (1960), Nicholls and Brown (1974) 
and Bamber and Burley (1983) reported no effect of growth rate on density in radiata 
pine. Nicholls and Fielding (1965) also stated that growth rate does not significantly 
affect wood properties of radiata pine clones. Tracheid length is negatively related to 
growth rate in radiata pine (Bisset et al. 1951, Dinwoodie 1961) and Nicholls and 
Dadswell (1962) report a negative correlation (R = 0.36 to 0.77) between growth rate and 
tracheid length. Taylor (1982) points out that radial cell diameter and cell wall thickness of 
southern pines are not related to gro\.vth rate but they are affected by a manipulation of 
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photo-period, light intensity and water stress (Cited by Zobel and van Buijtenen 1989). 
Growth rate does not affect cellulose content in radiata pine (Uprichard 1971). 
2.4. Effect of environment and site on wood properties 
Environment and site may also significantly affect wood properties. 
Environmental factors, such as soil type, rainfall, temperature, solar radiation, altitude and 
latitude, can influence tree growth · and may result in the production of wood with 
varying properties (Nicholls and Wright 1976, Zobel and van Buijtenen 1989). Harris 
(1963, 1965c) reported the effect of temperature and phosphate deficiency of soil on 
wood density variation among 37 sites. 
Wilkes ( 1989) also studied density variation within and between 22 sites 
throughout New South Wales and reported extreme differences in density of 
approximately 20% between sites. Wright (1971) found that better sites, resulting from 
increased moisture availability, produced lower density wood. 
Harris ( 1965c) found a significant effect of environmental factors on tracheid 
length in radiata pine. Also average cellulose and lignin content are different between 
sites. Cellulose content is influenced by fertility of the soil, and, in New Zealand, is 
reduced by superphosphate fertilizer application (Uprichard 1971 ). 
Wood properties may change with soil characteristics, possibly because of the 
effect of soil properties on growth rate (Turv~yand Smethurst 1985, Zobel and van 
Buijtenen 1989). Harris (1965c) found that phosphate deficient soil produced higher 
density wood. Soil differences are closely related to soil moisture content and nutrient 
supply which affect growth rate of trees and properties of wood. 
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Radial diameter growth can be reduced by drought in radiata pine plantations 
(Paul 1959, Larson 1964, Shepherd 1964, Siemon 1973). Thus Nicholls (1971) found 
an increase of 19-28% in mean density by supplementary watering and Nicholls and 
Waring ( 1977) reported an increase in maximum density by irrigation and a decrease in 
minimum density in trees subject to drought. Accordingly, drought can also reduce cell 
wall thickness and cell diameter (Larson 1964). 
Wood density and tracheid length are also controlled by temperature. Harris 
(1963, 1965c) found a significant correlation (R = + 0.939) between mean annual 
temperature and average wood density, and a correlation of (R = + 0.752) with tracheid 
length in radiata pine. Richardson (1964) reported that temperature may be negatively 
correlated with transverse tracheid dimensions. The total sum of light hours is important 
for growth patterns and wood properties, and supplementary light can result in the 
formation of thicker cell wall (Zobel and van Buijtenen 1989). 
Wood properties of radiata pine may also be influenced by altitude and 
higher 
latitude. Trees growing at higher elevations produce wood with · density and shorter 
/\ 
tracheids than trees growing at lower elevations. Trees growing at higher latitudes also 
have lower density and shorter tracheids than trees growing at lower latitudes (Zobel and 
van Buijtenen 1989). Co\vn (1974) and Cown and Kibblewhite (1980) and Cown and 
McConchie (1982) also found similar variation in wood density in radiata pine due to 
latitude, with the range from 0.38 g/cm3 at Canterbury-(South Island) to 0.46 g/cm3 at 
Auckland (North Island) in New Zealand. Kim et al. (1989) reported that extractives 
content and cellulose content are positively correlated with latitude, but that lignin content 
is negatively correlated. However, Harris ( 1965c) found an increase of about 0.01 g/crn3 
in density in radiata pine with each 100 m inciease in altitude and a decrease of about 0.1 
g/cm3 with each degree of increase in latitude, and a significant correlation (R = - 0.766) 
between latitude and tracheid length. 
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2.5. Effect of silvicultural practices on wood properties 
Silvicultural operations, such as tree spacing/thinning, fertilization, pruning, 
irrigation, weed and pest control, may also affect growth patterns of trees. Silvicultural 
practices may change wood properties through their effects on physiological processes 
(Zobel and van Buijtenen 1989). Burdon and Bannister (1973) and Cown and 
McConchie (1981), among others, reported the effects of silvicultural practices on the 
wood properties of radiata pine. Squire ( 1982) reported effects of silvicultural practices, 
include site preparation, thinning, fertilizer application and weed control, on the 
establishment of radiata pine plantations in Australia. 
Tree spacing and thinning operations may control growth rate and branching 
characteristics, both of which can affect wood properties (Bamber and Burley 1983). A 
thinned stand can reach a dbh (diameter at breast height) of 400 mm in 25 years and an 
unthinned stand reaches the same size after 35 years. Thinned stands with more rapid 
growth can have a higher juvenile wood content with lower density (Zobel and van 
Buijtenen 1989). Reid (1963b) and Sutton and Harris (1973) reported a significant (p<0.05) 
decrease in density ofradiata pine after thinning,' Cown (1973, 1974) found a 
reduction of 8-10% in wood density and a 10% reduction in tracheid length after heavy 
thinning in stands of radiata pine. 
Fertilizer application can increase wood volume and change wood properties 
but the effects are not clear. In Australian plantations, soil nutrients are supplied from 
fertilizers, legumes and litter and logging residue remaining after clear felling (Squire 
1982). Fielding and Brown (1961), Gentle et al. (1965), Klem (1968), Boardman (1972) 
and Cown ( 1977) studied the effects of fertilizer application on radiata pine plan rations. 
Gentle et al. (1968) report no significant effect of fertilizer application on basic density 
and mean tracheid length, but Fielding and Brown (1961), Nelson (1977) and Cown and 
McConchie (1981) found a significant reduction of basic density after application of 
nirrogen, phosphate, potassium and boron fertilizers in different combinations. Rudrnan 
18 
and McKinnell (1968, 1970) found reductions in wood density of 20% after application 
of phosphate fertilizers and a 10% reduction in density after application of potassium 
fertilizers. In contrast, Cown (1977) and Cromer et al. (1985) reported no significant 
reduction in wood density after application of phosphate fertilizers. Cown and 
McConchie ( 1981) report that application of fertilizers does not affect tracheid length but 
McKinnell and Rudman (1973) found a reduction of tracheid length after use of potassium 
fertilizers. Waring (1981), Woollons and Snowdon (1981) and Neilsen (1982) report a 
significant effect of nitrogen and phosphate fertilizers on wood volume : of radiata pine 
plantations and Waring ( 1972) found an optimum growth rate response after application 
off ertilizers combined with chemical weed control (Table 2.1 ). 
Table 2.1. Height at age 4 years for radiata pine at Belanglo N.S.vV. 
fertilized at planting with NP and sprayed with weedicide 
Treatment Height (mm) Percent of Nil 
'Nil' 880 100 
Weedicide 1740 198 
NP 2020 230 
weedicide + NP 3450 392 
Source: Neilson (1982) 
Soil moisture availability and irrigation may also influence wood properties 
(see 2.4). Soil water supply after fertilizer application is particularly effective in 
y increasing the ,wood volumet of radiata pine plantations (Waring 1972). 
Pruning is also an important operation in pine plantations and may promote 
higher proportions of clear wood and may also influence wood properties. Cown (1973) 
studied two levels of pruning, 35% and 60% removal, and found no significant effect on 
density after 35% pruning but an increase in wood density of 7-10% after 60% pruning. 
Polge (1969) also reported the effects of pruning on density and tracheid length in radiata 
pine plantations. He found that, after pruning, latewood percentage increases from 14% 
to 26%, wood density increases from 0.48 to 0.59, and tracheid length increases from 3 
mm to 4 mm. Polge's study supports Fielding's (1965) earlier findings that a reduction in 
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low density earlywood percentage after pruning. 
Another silvicultural practice alluded to above, which can affect wood 
properties in radiata pine, is weed and pest control. Since weeds compete for soil 
moisture, nutrients and light, they can affect wood volume and hence wood properties in 
radiata pine (Waring 1972, Karjalainen 1989, Karjalainen and Boomsma 1989). Preest 
(1975) reported the effects in South Australia of the weed austral bracken(Pteridium 
esculentum) on wood density in New Zealand. Boomsma (1982) also reported the effect 
of austral bracken(Pteridium esculentum ), sorrel (Rumex angiocarpus ) and cats-ear 
(Hypochoeris radicata ) on growth rate in radiata pine and outlined the advantages of weed 
control by both mechanical and chemical means on mean tree volume. 
Insects and diseases can cause deformation and tree death and may also 
wood volume 
reduce A and affect wood properties. For example, attack by the fusiform rust 
(Cronartium quercum) can result in deformed tracheids of reduced tracheid length, cell 
wall thickness and density (Zobel and van Buijtenen 1989). Marks et al. (1989) reported 
the rapid spread and effects of Dothistroma septospora in plantations of radiata pine in 
Victoria. The fungus caused severe defoliation and reduced growth rate of trees, with 
16% of the plantations being affected between 1984 and 1987. 
2.6. The effect of wood property variation on the thermo-mechanical 
pulping 
2.6.1. Introduction 
The most desirable wood properties of radiata pine for T.M.P. for newsprint 
production have not been precisely determined (Humphreys 1988), but studies to 
determine the effect of wood properties on the process of T.M.P. and the quality of paper 
produced by T.M.P. are in progress (Carpenter 1978, 1985, Corson and Lim 1983, 
Corson 1984, Kurdin 1985, Yamauchi and Kibblewhite 1988). 
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2.6.2. The effect of wood property variation in radiata pine on the 
T .M.P. process 
Kibblewhite et al. (1987) examined the differences in energy consumption 
during T.M.P. pulping of low density corewood and high density slabwood. They found 
that high density slabwood consumed more energy than low density corewood. Corson 
(1984) and Corson et al. (1986) also found that basic density was positively correlated to 
energy consumption in T.M.P. processes. However thinner fibre walls do not support 
the load very well during refining in T.M.P. processes, and this may affect retention time 
and cause clashing of refiner plates and an overall reduction of fibre length (Kurdin 
1985). 
Interestingly, Corson et al. (1989) found that superior selected trees of radiata 
pine with low corewood and slabwood densities of 375 kg/m3 and 390 kg/m3 
respectively but with relatively long tracheids of 2.91 mm in corewood and 3.27 mm in 
slabwood required lower power consumption during T.M.P. pulping and produced 
acceptable paper properties when compared with similar pulps produced from standard 
radiata pine having corewood and slabwood densities of 425 kg/m3 and 465 kg!m3 and 
tracheid lengths of corewood and slabwood 2.53 mm and 3.03 mm. 
Corson et al. (1989) also state that the lower energy consumption recorded 
above was not necessarily related to the lower density of the superior trees. Goring 
(1963) found that the transition point of lignin was 130-190° C. At about 100-170° C, 
softening of the middle lamella results fron1 glass transition of lignin (Irvine 1985). In 
thermo-mechanical pulping, lignin content influences the softening temperature and the 
energy required for defibration (Goring 1963, Hillis and Rozsa 1978, Irvine 1985). The 
amount and type of extractives in wood affects toxicity and recycling of effluents in 
T.M.P. (Norman 1969). 
21 
2.6.3. Effect of wood property variation in radiata pine on the 
properties of thermo-mechanically produced pulp and paper 
Wood properties also influence the properties of pulp and paper produced by 
T.M.P. Basic density is a very important property of wood for the pulping process and 
for pulp and paper quality. McMillin (1968) investigated the relationship between basic 
density and the strength properties of handsheets made from refiner groundwood. Sheet 
density was positively correlated with wood basic density, whereas burst, tear srrength 
and breaking length were negatively correlated with wood basic density. Kibblewhite 
(1980) and Nelson et al. (1980) also found a similar effect of wood basic density on the 
properties of paper produced by T.M.P.. High density slabwood gave paper with a 
higher tear index, and a lower burst index, tensile index, scattering coefficient and 
brightness than low density corewood (Kibblewhite et al. 1987). 
Tracheid length and cell wall thickness also affect properties of mechanical 
pulp and paper. Forgacs ( 1963) examined the correlation between tracheid length and 
mechanical pulp properties and found all strength properties of pulp increased with 
increasing tracheid length with the exception of breaking length and burst strength. 
Watson and Dadswell (1961) reported a linear relationship between tracheid length and 
tear resistance, and an increase of breaking length and folding endurance with fibre length 
up to a length about 4 mm. Thin walled fibres produced paper of high tensile strength and 
bursting strength (Henderson and Nelson 1981). Carpen£er (1985) found that thin walled 
fibres of mechanical pulp from pines for use in newsprint could be fibrillated and bonded 
readily, whereas thick walled fibres were fibrillated with difficulty and bonded poorly. 
The paper made from thick-walled cells has poor printing surfaces and poor burst strength 
whereas thin-walled cells collapse during beating and bond well together, producing paper 
with a smooth surface of good printing quality (Zobel and van Buijtenen 1989). 
22 
The variation of chemical composition in radiata pine may also influence 
quality of pulp and paper produced by T.M.P. Cellulose content directly influences pulp 
yield (Dinwoodie 1965, McMillin and Alexandria 1969, Wenzl 1970, Uprichard and 
Lloyd 1980). Since the T.M.P. process retains large amount of lignin and hemicellulose 
in the pulp, these also have a direct influence on yield. McMillin and Alexandria (1969) 
studied the relationship between chemical composition and properties of handsheets made 
from loblolly pine refiner ground wood, and found an increase of burst factor with 
increasing of cellulose content. With increasing lignin content, breaking length and burst 
strength of paper is reduced (Jayme 1958). Lignin content also affects the yellowing of 
groundwood pulp and newsprint (Rydholm 1965), and brightness and colour stability of 
paper (Casey 1966, Sjostrom 1981 ). Extractives content affects fibre bonding in paper 
produced from groundwood pulp and decreases tear and burst strength and breaking 
length. Accordingly, these strength properties can be improved by pre-extraction of wood 
prior to pulping (Brandal and Lindheim 1966, McMillin and Alaxandria 1969). 
2. 7. Effect of genetic constitution on wood properties 
2. 7 .1. Introduction 
Genetic control of wood properties in radiata pine is generally strong, so their 
variations can be controlled through tree breeding. Heritability of some wood properties 
is high, e.g. density (up to 0.75) and tracheid length (up to 0.66) (Dadswell et al. 1961, 
Wilcox 1965, Einspahr 1972, Burdon and Harris 1973). Thus, basic density and tracheid 
length are under strong genetic control (Zobel 1961, Harris 1965b, Zobel et al. 1978, 
Cown 1980, Zobel 1981) and can be improved by tree breeding (Harris 1970, Harris et 
al. 1975). 
Some authors also report improvement in both wood properties and rate of 
growth through tree breeding (Ehrenberg 1970, Giordano 1970, Libby et al. 1972, 
Wright and Eldridge 1985). This conflictSwith recent results which suggest that the 
heritability of growth rate and density are negatively correlated (Cotterill and Zed 1980, 
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Shelboume and Low 1980, Dean et al. 1983). _ 
Cell wall thickness may also be influenced by genetic constitution. Goggans 
(1965) and van Buijtenen et al. (1968) found significant variation in cell wall thickness in 
loblolly pine clones. Corson et al. (1989) found genetically improved (superior) New 
Zealand grown radiata pine:have lower density and longer tracheids than standard trees 
(Table 2.2). 
Table 2.2. Basic density and tracheid length of radiata pine. 
Wocxl 
Standard 
Su erior 
Basic density (kg!m3) 
Core wood Slab wood 
425 
375 
465 
390 
Source: Corson et al. (1989). 
Tracheid length (mm) 
Corewood Slab wood 
2.53 
2.91 
3.03 
3.27 
Genetic control of the chemical composition of wood has not been studied 
intensively but it appears extractive, lignin and cellulose contents are also under strong 
genetic control (Zobel and van Buijtenen 1989). Dadswell and Hillis (1962) and Sjostrom 
(1981) reported an influence of genetic factors on extractive content. Bannister et al. 
(1962) found no differences in chemical composition between two New Zealand grown 
radiata pine populations but significant differences among three Californian grown 
populations. 
2. 7 .2. Variation between families 
A family is a group of trees having the same parents (both male and female). 
If two trees possess only the same female parent then the off spring are termed members of 
an "open pollinated family". Few studies have been made on family variation in 
wood properties of radiata pine. The majority of the papers deal with clonal variation 
rather than variations between families and most study wood density and other 
characteristics, such as tree growth, stem form, disease and pest resistance, rather than 
fibre or chemical characteristics of wood (Old et al. 1986, Menzies et al. 1989). However 
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there are a few reports of the variation of these wood propenies between families in 
radiata pine (Bamber and Burley 1983). Fielding and Brown (1960) and Matziris (1979) 
report there are no significant variations in wood density between families of radiata pine 
but Burdon et al. (1972) reported slight differences in density and Burdon and Bannister 
(1973) and Nicholls and Eldridge (1980) found significant family variation. 
2. 7 .3. Variation between clones 
A clone has been defined as "genetically uniform material derived from a 
single individual and propagated exclusivelyb\regetative means, such as cuttings, 
A 
divisions, or grafts" (Hartmann and Kester 1975). Cuttings of radiata pine can be rooted 
relatively easily and the rooted cuttings can be propagated in clonal trials (Shelbourne and 
Thulin 1974, Harris et al. 1978, Shelbourne 1986). Reports in the literature suggest that 
wood properties may vary between clones (Burdon and Harris 1973, Shelbourne and 
Thulin 1974, Harris et al. 1978, Shelbourne et al. 1979, Walker 1984, Yanchuk et al. 
1984, 1988, Zobel 1961, 1981, Zobel et al. 1978, Cown 1980). Fielding and Brown 
(1960), Pawsey and Brown (1969) and Walker and Dodd (1988) found a significant 
variation in basic density and tracheid length between clones of radiata pine. 
2. 7 .4. Conclusion 
In summary the pattern of variation of wood properties and their control are 
complex and study procedures must be viewed and interpreted against this back-ground. 
However the availability of clonal and family material for study of wood properties in 
radiata pine and the paucity of previous studies on this material provided a good reason 
for studying genetically controlled variation in wood properties. 
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CHAPTER THREE 
EXPERIMENTAL DESIGN AND MATERIALS AND METHODS 
3.1. Location and nature of trees 
3.1.1. Progeny Test 56, tree sampled at Tallaganda 
Tree breeding of radiata pine began in Australia in the 1950s, and the first 
radiata pine seed orchard was established in 1957 at Tallaganda State Forest, near 
Captains Flat, New South Wales (Wright and Eldridge 1985). Progeny Test 56 was 
established in 1973 and located in the South-East section of compartment 19 of the forest 
(Map 3.1). Sample trees for the study were chosen from block II of experiment 2. 
Matheson (1973) described the site as "undulating, having a northern aspect, and poor 
drainage on the northern strip which is next to a swampy creek", with soil that "is a 
decomposed granite with a considerable organic component." Gunn and Story (1969) 
classified the soil as an acid, massive, yellow earth, belonging to the "feagans" soil 
family. The annual rainfall of the area is between 762-::813 mm (McAlpine and Yapp 
1969). A month prior to planting in June 1973, the area was disc ploughed and fertilized 
with NP (1:2) (3 oz per tree in August), (Matheson 1973). 
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Map 3.1. Location of the Tallaganda seed orchard and the Pine Bank (Tarago) clonal 
trials. 
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3.1.2. Pine Bank, Tarago 
The use of sticklings (rooted cuttings) in radiata pine plantations is becoming 
increasingly common (Clarke 1988). Tree Genes International Pty. Ltd. (TGI) has been 
developing a system for the production of "clonal select" sticklings from pollinated 
families, and has established a number of clonal trials with CSIRO (Clarke 1988). One of 
these was established in 1982, located at Pine Bank, near Tarago, New South Wales. 
Pine Bank is located south-east of Tarago, near Lower Boro, in N.S.W. (Map 3.1). 
Soil type in this area is a gravelly, stony, massive, yellow earth and uniform 
medium textured soil (Gunn and Story 1969). Average annual rainfall for the area is 600-
700 mm but was 500 mm for the period of 1982 to 1987 (Clarke 1989). Sticklings for 
the trials were obtained from hedged ramets planted in 1977 using seeds from the 
Tallaganda seed orchard. The hedges originated from controlled pollinationbet\veen the 
same parent trees used in P.T. 56. Seed of these clones were collected and sown in 
Y arralumla during 1977.. The seedlings were hedged at a height of 1 m. Cuttings were 
established in 1981 and then planted at Pine Bank in August 1982. NP (15:5) fertilizer at 
500 kg per hectare was applied to each tree during planting. Subsequently, two pruning 
operations were performed, a low pruning at 1-1.5 m in 1987 and a high pruning up to 
the 1985 whorl in 1988. 
( 
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3.2. Sampling of trees 
3.2.1. Progeny Test 56, Tallaganda 
In Progeny test 56, the families were numbered as family I (956 x 38A), 
family II (NZ 7 x 994) and family III (NZ 97 x 38A) (Figure 3.1 ). The trees originated 
from seed collected in 1971 and sown in 1973. Three seedlings of each family were 
selected in the nursery and cloned. Four trees of each clone were planted. Three 
of each family (two of family I) were sampled and examined for wood properties. The 
trees were those in block 2 of the replicated layout and one number of family I in this 
block had died · reducing the number of trees sampled in this family. Two 
cores from each tree were removed. In the north-south direction, cores were taken 5 cm 
above breast height (BH, i.e. 1.37 m). Sampling in the east-west direction was 5 cm 
below BH (Figure 3.2). 
Parents 
Off springs from seedlings 
Family I 
956 X 38A 
Dead Ditto 
(not sampled) 
Direction from which core was removed 
Growth rings 
3 
Ditto Ditto 
Family II 
NZ 7 X 994 
~[i] 
Ditto 
3 
Ditto Ditto 
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Figure 3.1. Sampling of trees at the Progeny Test 56, Tallaganda. 
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Figure 3.2. Positions of core sample collections from tree at 1973 
progeny test 56, Tallaganda seed orchard. 
3.2.2. Pine Bank 
From the 1982 clonal trials of CSIRO and TOI at Pine BanJc, five clones 
from each of three families, family Nos II (NZ 7 x 994), ill (NZ 97 x 38A) and rv 38A x 
NZ55 ), and two clones from family number I (956 x 38A) were sampled (Figure 3.3). 
Two cores from two trees in each clone were taken using an Auger increment borer of 12 
mm internal diameter (e.g. 5 families, 17 clones, 34 trees, and 68 cores). The core 
samples were taken from the southern and eastern faces at the interwhorl below the winter 
bud of 1984. The southern core was 1/3 of the total internode length below the 1984 bud 
position and the eastern core was 2/3 of the total internode below the 1984 bud position 
(Figure 3.4). 
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Figure 3.3. Sampling of trees at the clonal trial, Pine Bank. 
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Figure 3.4. Positions of core sample collections from tree at 1982 clonal 
trial, Pine Bank. 
All trees, from both the progeny test 56, Tallaganda and the 1982 clonal trial, 
Pine Bank, were cored at 90° to their longitudinal axis and the core borers penetrated from 
bark to bark passing through the pith (Figure 3.2b and 3.4b ). After removal of the cores, 
holes were plugged with dowel rods (12 mm in diameter)_and sealed with grafting mastic 
to prevent subsequent colonization by microorganisms. 
3.2.3. Preparation of the core samples prior to determination of 
wood properties 
Core samples were divided at the centre of the pith and the first section was 
used to examine density and cell wall thickness, the other section was used to examine 
tracheid length and chemical properties. The terminal growth ring adjacent to bark was 
rejected because it was incomplete (Figure 3.5). 
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Figure 3.5. Diagram showing the subdivision of core samples. 
3.3. Determination of the physical properties of the wood 
3.3.1. Determination of wood basic density 
The X-ray densitometric method first outlined by Polge (1963, 1964), to 
determine wood density is attractive and provides maximum resolution (Philips 1965, 
Polge 1965, McKinnell 1970 and Olson et al. 1988) of early and latewood density. 
Variations in core wood basic density produce interacting variation in the optical density 
of an X-ray negative when X-rays are passed through the wood. By scanning the X-ray 
negative with a recording microdensitometer, wood basic density can be derived from 
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optical density by reference to a calibration curve (Rudman et al. 1969, Hughes and De 
Albuquerque Sardinha 1975, Moschler and Dougal 1988). 
The X-ray densitometric method used here was that of Rudman et al. (1969). 
Since the presence of extractives can affect X-ray density determination, core samples 
were extracted prior to density determinations with a mixture of toluene (Analar) (3) : 
ethanol (Analar) (7) in a soxhlet apparatus for 24 hours (Garves 1981, Gortzler 1982). 
After extraction, the samples were conditioned in sealed desiccators at a relative humidity 
of 8% over a solution of sodium dicromate for 2-4 days to prevent distortion of the cores. 
Subsequently, the cores were dried in an oven for 24 hours at 105° C and then the 
samples were again conditioned as above. Strips of wood (6.9 + 0.1 mm in the fibre 
direction) were then cut from the core samples (Figure 3.6) and conditioned as above. 
I 6.9 mm 
I 
1st rin 
Figure 3.6. Dimension of the wood strip cut from core samples prior to 
X-ray density determination. 
Determination of core density by X-ray densitometry was then as follows; 
two cellulose acetate calibration step wedges and the wood strips were placed on a X-ray 
film (Kodak, 10 in. x 8 in.). The samples were spaced not closer than 3 cm from each 
other and 4 cm from the edges of the X-ray film. The X-ray source (23 kV and 20 mA), 
situated 2.5 metres above the samples, was then applied for 7 minutes and the X-ray film 
was then developed immediately. The optical densities on the X-ray negatives were then 
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translated, using a Joyce-Loeb! Autodensidator Mark III, and recorded on continuous 
charts (Appendix I) and computer punch holed paper tapes. By measuring the depth of 
curves from the basic line of step wedges on the charts and reading the paper tapes on 
computer, calibration curves and regression equations were produced using the optical 
density figures of step wedges given by Rudman et al. (1969) (Table 3.1). The minimum, 
maximum and mean basic density of each of the growth rings were then calculated. 
Table 3.1. The optical density figures of step wedges, derived by 
Rudman et al. (1969). 
Step Density level (g/cm3) 
2 0.299 
3 0.344 
4 0.468 
5 0.592 
6 0.717 
7 0.867 
3.3.2. Determination of tracheid length 
Thin wood strips (1.5.mm x 12 mm), including both early and latewood 
from each growth rings, were taken the second core section (Figure 3.5). These strips 
were first divided into thin slivers and then macerated using Franklin's (1946) hydrogen 
peroxide method (Franklin 1946, Labell 1959, Jane 1970, Tappi 1987). The wood 
slivers were simmered at l00°C in test tubes containing a 50:50 mixture of glacial acetic 
acid (Analar) and hydrogen peroxide (100 vols.). Tracheids were separated by 
mechanically shaking the test tubes for 2 minutes. 2 mls of macerated tracheids in 
suspension were taken from the test tubes using a pipette and mounts were made using 
glass slides and cover slips. Tracheids length was measured using an amplioscope 
(Figure 3.7). The magnified images of thirty undamaged tracheids for each growth ring 
diverted on to the amplioscope screen were measured with a curvimeter. The 
magnification factor of the microscope was calibrated using a graticule, and the tracheid 
length and mean tracheid length for each growth ring was determined. 
-Magnified 
llTiage 
Screen 
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------- Light 
Figure 3. 7. Measuring tracheid length with an amplioscope 
3.3.3. Determination of cell wall thickness using the scanning 
electron microscope (SEM) 
Prior to examination in the SEM, the wood strips used to determine cell wall 
thickness (Figure 3.5, 3.6), were boiled in distilled water for 2 to 4 hours and then 
transverse surfaces were carefully cut using the method of Exley et al. ( 1977). The 
wood sections were then dried in an oven at 105°C for 24 hours and the dried specimens 
were glued onto aluminium stubs using Cutex nail polish. The surfaces were 
subsequently coated with 20 manometers of gold by evaporation to render them 
electrically conductive. 
A Cambridge Instruments Stereoscan S360 scanning electron microscope 
(SEM) was used to obtain images of transverse surfaces, since a light microscope does 
not have sufficient magnification or resolution to allow accurate measurement of cell 
dimensions (Kessel and Shih 1974). The S360 SEM is capable of producing high 
resolution images at a magnification of up to 50,000 times. It also has a "point to point 
measure" facility which allows extremely accurate and fast determination of cell 
dimensions. At magnifications 700-1000 times, the diameters of 30 tracheids and their 
lumens, for both earlywood and latewood of each growth ring, were measured in both the 
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radial and tangential directions (Plate 3.1, 3.2). The mean double cell wall thickness for 
earlywood and latewood for each growth ring was then calculated. 
--
Plate 3.1. Procedure of measuring cell wall thickness (Earlywood) on SEM. (A) Diameter of tracheid in 
tangential direction. (B) Diameter of cell lumen in tangential direction.(C) Diameter of 
tracheid in radial direction. (D) Diameter of cell lumen in radial direction. 
w 
00 
Plate 3.2. Procedure of measuring cell wall thickness (Latewood) on SEM. (A) Diameter of tracheid m 
tangential direction. (B) Diameter of cell lumen in tangential direction.(C) Diameter of 
tracheid in radial direction. (0) Diameter of cell lumen in radial direction. 
c,., 
<.O 
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3.4. Determination of the chemical properties 
For the determination of chemical composition, core samples were divided 
into growth rings and dried in an oven at 105°C for 24 hours. The dried samples were 
then reduced in size and ground to 40 mesh size using a Wiley mill. After grinding, the 
wood flour samples were kept in separate glass vials. Prior to the determination of 
cellulose and lignin content, the wood flour samples were pre-extracted with an ethanol-
toluene (7:3) mixture for 8 hours (Browning 1967, Mahood and Cable 1922, Ritter et al. 
1932, Garves 1981, Goetzler 1982). 
3.4.1. Determination of extractive content 
A mixture of ethanol (Analar) and toluene (Analar) (7:3) was used to 
determine extractive content (Garves 1981, Goetzler 1982). Samples were dried in an 
oven at 105°C for 24 hours and cooled in a sealed desiccator for 15-30 minutes. Wood 
samples (approximately 0.5 g) were then weighed (A) and put into clean oven-dry pre-
weighed cardboard extraction thimbles (B). The thimbles were placed into a soxhlet 
extraction apparatus using 250 ml round-bottomed flasks and extracted with a mixture of 
ethanol:toluene (7:3) for 8 hours. After extraction, the thimbles were dried, as above, and 
re-weighed (C). The extractive content of the wood, expressed as a percentage of the 
original oven-dry weight of wood, was calculated as follows; 
(A+B)-C _ 
Extractive content(%) = ---------------- x 100 
A 
Where, A = Original oven-dry weight of wood flour sample 
B = Oven-dry weight of extraction thimble 
C = Oven-dry weight of the extraction thimble+ extracted wood 
The extractive content of two samples for each growth ring was determined 
and expressed as mean. 
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3.4.2. Determination of alpha-cellulose content 
The method of Seifert (Browning 1967) was used to determine the alpha-
cellulose content of the wood. The finely divided ( 40-mesh) extractive free wood was 
dried in an oven at 105°C for 24 hours and cooled in a sealed desiccator for 15-30 
minutes. After cooling, samples were weighed (A) and placed in 250 ml round-bottomed 
flasks. A mixture of 6 ml of acetyl acetone, 2 ml of 1-4 dioxan (Analar) and 1.5 ml of 
14-N hydrochloric acid (Analar) was added to the flask and these were refluxed for 45 
minutes in a boiling water bath. The mixture was then filtered through a pre-weighed 
sinterred glass crucible (B) using aliquots of methanol (200 ml in total). The following 
solutions, 50 ml of 1-4 dioxan (Analar.), 50 ml of hot (90°C) water, 25 ml of 1-4 dioxan 
(Analar) and 25 ml of methanol (Analar), were then filtered through the crucibles using a 
vacuum to remove any residual lignin or hemicellulose. After extraction the alpha-
cellulose residue was dried in the oven at 105°C overnight. The crucibles were cooled in a 
desiccator and re-weighed (C) and the cellulose content of the wood (%) was expressed 
on an oven-dry weight of wood as follows; 
C-B 
Alpha-cellulose content (%) = -------- x 100 
A 
Where, A = Oven-dry weight of extracted wood flour sample 
B = Weight of glass crucible 
C = Weight of glass crucible+ alpha-cellulose residue 
The cellulose content of two samples for each growth ring was determined 
and expressed as the mean. 
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3.4.3. Determination of Iignin content 
The 72% sulphuric acid method of Mahood and Cable ( 1922), modified by 
Ritter et al. ( 1932) was used to determined the lignin content of the wood. The extractive 
free wood flour samples, prepared as above, were dried in an oven at 105°C for 24 hours 
and cooled in a sealed desiccator for 15-30 minutes. The samples were then weighed (A) 
and put into two separate 50 ml beakers, and then 7.5 ml of 72% (v/v) sulphuric acid was 
added to each of the beakers. The acid-wood mixture was then left at room temperature 
for 2 hours and stirred occasionally. After this initial phase the contents of the beakers 
were poured into two separate 250 ml round-bottomed flasks and 178 ml of distilled 
water was added to each flask to dilute the acid to 3% (v/v). The acid-wocxi mixture was 
then refluxed for 4 hours. After refluxing, the contents of the flasks were filtered through 
pre-weighed sinterred glass crucibles (B). The crucibles and residual lignin were then 
dried in the oven at 105°C overnight, and cooled in a desiccator for 15-30 minutes and 
then re-weighed (C). 
The lignin yield (%) of the wood was expressed on the basis of the initial 
oven-dry extractive free wood. The lignin content of two samples for each growth ring 
was determined and expressed as the mean. 
C-B 
Lignin content(%)=------------- x 100 
A 
Where, A = Oven-dry weight of the wood 
B = Weight of the glass crucible 
C = Weight of the glass crucible + lignin yield 
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3.5. Statistical analysis of data 
3.5.1. Statistical analysis of the results from Progeny test 56, 
Tallaganda, N.S.W. 
To determine significant differences between the 3 families, mean core wood 
properties (basic density, tracheid length, cell wall thickness in early and latewood, 
extractive, cellulose and lignin content) were subject to an analysis of variance (N.A.G. 
Genstat 1983) (ANOVA; wood property x family x tree x sample). Significant 
differences at the 5% level were recorded and T-tests were used to evaluate the 
significance of differences between famflies for each wood property. 
To assess whether differences in the radial rate of change in wood properties 
between families were significant, linear regressions ( wood property v growth ring 
number from ring 1-10) were performed using Genstat (N.A.G. Genstat 1983) for each 
core sample. Regression estimates for each wood property were then subject to an 
ANOV A (as above) and significant differences at the 5% level were recorded. Again T-
tests were used to evaluate the significance of differences between families for each wood 
property. 
3.5.2. Statistical analysis of the results from Pine Bank, Tarago, 
N.S.W. 
To determine significant differences between the four families and their 
respective clones, individual sample values for each wood property for each growth ring 
(1, 2 and 3) were subject to an ANOVA (replicate x family x clones within families x 
direction of sample). Significant differences at the 5% level were recorded. 
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CHAPTER FOUR 
VARIATIONS IN THE WOOD PROPERTIES OF RADIATA PINE FROM 
PROGENY TEST 56, T ALLAGANDA, N.S.W. 
4.1. Introduction 
Significant variation in wood density and tracheid length may occur between 
families in radiata pine (Zobel 1961, Burdon and Bannister 1973, Zobel et al. 1978, 
Nicholls and Eldridge 1980, Cown 1980, Zobel 1981) although to date information on 
family variation in other wood properties is lacking. To select families with the optimum 
wood properties for T.M.P. requires information on the extent of family variation in basic 
density and tracheid length and also variation in cell dimensions and chemical composition 
(% extractives, % cellulose, % lignin). Selection of families for specific end uses is 
usually made at an early age when most wood properties are still rapidly changing in 
magnitude, ( the so called juvenile phase) and therefore selection of superior families also 
requires information on differences (if any) between families in the rate of change in 
·w1ood properties with age. The latter information could enable selection off amilies at an 
early age likely to show the greatest beneficial increase in selected wood characteristics. 
In this chapter the differences in wood characteristics (mean core samples) and their rate 
of increase (linear regression coefficient, wood property v growth ring) are given for 
three families sampled in the Progeny Test 56, Tallaganda seed orchard, N.S.W. The 
implications of the findings for the selection of superior families for T.M.P. are 
discussed. 
45 
4o2. Difference in mean (core) wood properties between families 
Mean wood properties (density, tracheid length, cell wall thickness in early 
and latewood, extractive, cellulose and lignin content) for each family are given in Table 
4.1. Analysis of variance (ANOVA) (wood property x family x tree x sample) on each 
property ( details are given in Appendix I) shows that there is significant variation between 
families in basic density (P<0.05), tracheid length (P<0.01), extractive content (P<0.01) 
and lignin content (P<0.01) (Appendix I). Since the density of cell wall substance in 
wood is relatively constant at around 1.5 g/cm3 (Panshin and de Zeeuw 1980) the 
differences in densities between families should be reflected in differences between 
families in cell wall thickness of either earlywood and or latewood but surprisinglY, family 
differences in these properties are insignificant (P>0.05). 
Table 4.1. Calculated mean wood properties between families 
Family L.S.D. 
I II III Sig. P = 0.05 P = 0.01 
Density (glcm3) 0.457 0.399 0.396 * 0.037 0.058 
Tracheid length (mm) 3.280 3.013 3.431 ** 0.175 0.274 
C.W. (E.W) (µm) 5.242 5.400 5.182 N.S. 0.574 0.859 
C.W. (L.W) (µm) 9.360 8.880 8.490 N.S. 0.971 1.520 
Extractive content (%) 3.500 4.780 4.170 * * 0.845 1.320 
Cellulose content(%) 39.650 39.400 39.820 ** 1.340 2.110 
Lignin content(%) 27.240 28.850 27.030 N.S. 0.889 1.390 
* = P<0.05, * * = P<0.01, N.S. = non significant (P>0.05). 
Family I has a significantly (P<0.01) higher density of 0.457 g/cm3 than 
family II and family III which have densities of 0.397 and 0.399 g/cm3 respectively. 
The difference in density of 0.002 g/cm3 between the latter families is insignificant 
(P>0.05). Family III has significantly (P<0.01) longer tracheids of 3.43 mm than the 
tracheids of family II which are 3.01 mm in length. The difference in tracheid length of 
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0.15 mm between family III and I is insignificant (P>0.05). It is interesting that family I 
is significantly denser than family III. This contradicts some previous observations 
which state that density and tracheid length are positively correlated (Zobel et al. 1960). 
Alternatively, in accord with the findings here, Harris (1965c) reported that density and 
tracheid in radiata pine vary independently between trees. 
Extractive and lignin content also show significant (P<0.01) variation 
between families. Family I has an extractive content of 3.5 % which is significantly 
(P<0.05) lower than that found in families II (4.78 %) or III (4.17 %). The difference in 
extractive content of 0.61 % between the latter families is insignificant (P>0.05). Lignin 
content also differs significantly between families but shows a differing trend to that 
found for extractive content. Here both families III and I show a significantly (P<0.01) 
lower lignin content than family II which has relatively high lignin content of 28.85 %. 
4.3. Diff ere nee in the rate of change in wood properties between families 
4.3.1. Overall pattern 
In order to assess the rate of change in wood properties (density, tracheid 
length, cell wall thickness in earlywood and latewood, extractive, cellulose and lignin 
content) for the growth rings (1-10) sampled, linear regressions (wood property v growth 
ring number from ring 1-10) were performed using Genstat (N.A.G. 1983) for each core 
sample. Regression estimates and their associated standard errors are given in Appendix 
III. In most cases there is a significant (P<0.05) linear correlation between wood 
property and growth ring number (Appendix ill). With the exception of lignin content, 
all wood properties increased in magnitude from growth ring 1 to ring 10 (Figure 4.1. A, 
B, C, D, E, F, G). 
47 
In this thesis families and clones are ranked on wood properties only, but in 
practice selection would also take account of wood volume production. 
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Figure 4.1. Properties of wood from the Progeny Test 56, Tallaganda 
seed orchard (continued). (E) Extractive content (F) Alpha-
cellulose content (G) Lignin content. 
Figure 4.1 (A) shows a graph of basic density v growth ring number for each 
family (values are tree/ core means). In accord with previous observations (Dinwoodie 
1961, Reid 1963b, Uprichard 1971, Bunn 1981 and Bamber and Burley 1983) density 
shows a rapid increase over the first 10 growth rings. Figure 4.1 (B ). shows radial 
variation of tracheid length for each family and the findings again confirm previous 
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observations that tracheid length increases rapidly from the pith outwards in the first 10-
15 growth rings (Dadswell 1958, Uprichard 1971, Cown 1975). Figure 4.l(C) and (D) 
also show an increase in earlywood and latewood cell wall thickness with increasing 
growth ring number. In previous studies, observations of the variation in earlywood cell 
wall thickness with age are lacking but Larson (1973) reports that radial lumen diameter 
and tangential cell wall thickness of conifers are closely related to density and since 
density increases with increasing of age (Dinwoodie 1961, Reid 1963, Uprichard 1971, 
Bunn 1981 and Bamber and Burley 1983) cell wall thickness of both earlywood and 
latewood should show increases with increasing growth ring number (age). 
The graph of extractive content and growth ring number (age) is shown in 
Figure 4.1 (E). Previous studies report a decrease in extractive content with increasing 
growth ring number from the pith (Uprichard and Lloyd 1980; Cown and Mcconchie 
1982) but this study shows that extractive content tends to increase from the pith 
outwards before finally decreasing. An increase in alpha-cellulose content with 
increasing growth ring number (age) is reported by some authors (Hardwood and 
Uprichard 1969, Uprichard 1971, Uprichard and Lloyd 1980) and is confirmed by the 
trend observed in Figure 4.1 (F). The trend of lignin content decreasing with increasing 
growth ring numbers (age) reported by Uprichard and Lloyd (1980) Cown and 
McConchie (1982) is again found here (Figure 4.1 (G). 
I 
1 I 
I 
' 
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4.3.2. Family difference 
To assess family differences in the rate of change in wood properties from 
growth rings 1-10, analyses of variance (ANOVA) on the regression estimates which 
were obtained earlier (Appendix III) for each wood property were performed. The 
analyses (Appendix V) show a significant variation in the rate of change in latewood cell 
wall thickness between families but other properties do not differ significantly. Table 
4.2. shows the regression estimates and significant differences between families for each 
wood property. 
Table 4.2. Difference . . estimate between families Ill regression 
Family L.S.D 
I II ill Si o. P = 0.05 P = 0.01 
Density 0.01318 0.00804 0.00973 N.S. 0.037 0.058 
Tracheid length 0.22020 0.23360 0.25800 N.S. 0.032 0.051 
C.W. (E.W) 0.30000 0.22600 0.16700 N.S. 0.130 0.210 
C.W. (L.W) 0.56100 0.33900 0.31700 * 0.164 0.260 
Extractive content 0.27300 0.07800 0.13100 N.S. 0.288 0.450 
Cellulose content 0.75500 0.55200 0.62100 N.S. 0.320 0.510 
Lignin content - 0.25000 - 0.30100 - 0.42300 N.S. 0.420 0.660 
*= P<0.05, N.S. = non significant (P>0.05). 
-
-
Family I shows a significantly (P<0.05) greater increase in the rate of 
increase in cell wall thickness between growth rings than families II or III. Both density 
and earlywood cell wall thickness also increase at faster rate in family I but the rate of 
increase does not differ significantly from that found in families II and III. 
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4.4. Difference in mean wood properties within families; between tree and 
sample variability 
Mean wood properties and regression estimates for trees within each family 
are given in Table 4.3 · and Table 4.4 . .. 
Table 4.3. Mean wood properties of trees sampled within 
families 
Proeerty Family Tree Sig. L.S.D. 
1 2 3 P = 0.05 P = 0.01 
Density (g/cm3) I 0.48 0.43 N.S. 0.064 0.101 
Density (g/cm3) II 0.40 0.40 0.40 
Densi!l (~cm3) III 0.40 0.40 0.42 
Tracheid length (mm) I 3.45 3.11 N.S. 0.304 0.476 
Tracheid length (mm) II 2.98 2.88 3.18 
Tracheid length (mm) III 3.51 3.53 3.26 
C.W. thickness (E.W)(µm) I 5.15 5.33 N.S. 0.949 1.489 
C.W. thickness (E.W)(µm) II 5.21 5.19 5.81 
C.W. thickness (E.W)(~m) III 5.60 5.05 4.90 
C.W. thickness (L.W)(µm) I 9.66 9.06 N.S. 1.683 2.641 
C.W. thickness (L.W)(µm) II 8.46 8.61 9.56 
C.W. thickness (L.W)(µm) III 8.94 8.26 8.27 
Extractive content (%) I '2.56 4.43 * * 1.465 2.298 
Extractive content (%) II 4.41 6.35 3.58 
Extractive content ( % ) III 3.83 3.38 5.30 
Cellulose content (%) I 40.30 39.00 N.S. 2.328 3.653 
Cellulose content(%) II 39.36 39.08 39.75 
Cellulose content(%) III 40.24 39.34 39.88 
Lignin content(%) I 26.87 27.60 N.S. 1.542 2.419 
Lignin content(%) II 29.49 29.26 27.79 
Lignin content(%) III 27.62 26.86 26.60 
* = P<0.05, * * = P<0.01, N.S. = non significant (P>0.05) 
1, 
1! 
. j-
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ANOVAs on mean wood properties between families (Appendix II) shows 
that there is a significant family x tree interaction for extractive content due to large 
variation in extractive content between trees for each family. For all other wood properties 
differences bet\veen trees did not produce significant interactive (family x tree) effects. 
Similarly the effects of sample variability (family x direction) were also insignificant 
Table 4.4. Difference in regression estimates of trees sampled within 
families 
Proeert;r Family Tree Sig. L.S.D. 
1 2 3 P = 0.05 P = 0.01 
Density I 0.0136 0.0127 . * 0.004 0.006 
Density II 0.0028 0.0093 0.0120 
Densi!l: III 0.0098 . 0.0092' 0.0098 
Tracheid length I ,- 0.2235 0.2168 * 0.056 0.088 
Tracheid length II 0.2354 0.2010 0.2645 
Tracheid length III 0.3027_ __ 0.2574 0.2139 
C. W. thickness (E. W) I - 0.3525 0.2474 N.S. 0.228 0.357 
C.W. thickness (E.W) II 0.1784 0.1442 0.3558 
C.W. thickness (E.W) ill 10.1989 0.1076 0.1955 
C. W. thickness (L. W) I 0.3800 0.4625 N.S. 0.285 0.448 
C.W. thickness (L.W) II 0.29700 0.2590 0.4615 
C. W. thickness (L. W) III 0.3815 0.2090 0.3605 
Extractive content I 0.0203 0.5265 N.S. 0.500 0.785 
Extractive content II 0.1330 -0.1057 0.2057 
Extractive content III 0.1862 0.09545 - 0.2528 
Cellulose content I 0.5750 0.9345 N.S. 0.561 0.880 
Cellulose content II 0.6535 0.4275 0.5750 
Cellulose content III 0.7595 0.4145 0.6910 
Lignin content I -0.3380 -0.1615 N.S. 0.733 1.150 
Lignin content II -0.2950 -0.4820 -0.1260 
Lignin content III -0.5515 -0.3815 -0.3340 
* = P<0.05, N.S . = non significant (P>0.05) 
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ANOVA's on the regression estimates between families shows that there is a 
significant (P<0.05) family x tree interaction for density and tracheid length but for all 
other properties, differences between trees did not produce a significant effect The effect 
of sample variability (family x direction) produced a significant (P<0.01) interaction effect 
on density but other factors were not significant. 
4.5. Discussion 
As discussed earlier (section 2.6.2-2.6.3), desirable wood properties for 
news print produced by T.M.P. processes are longer tracheid length (Carson 1984; 
Einapahr 1972), thinner cell wall thickness (Burley 1982), lower extractive content 
(Richardson and Bloom 1982), higher cellulose content and lower lignin content 
(Haygreen and Bowyer 1982; Hillis and Rozsa 1978) but Hardwood and Uprichard 
(1969) report that basic density and tracheid dimensions have more effect upon pulp 
quality than chemical composition. Use of higher density wood produces higher yields 
and increased tear strength and breaking length but use of low density wood may result in 
reduced power consumption during refining (Corson 1984, Corson et al. 1986, 
Kibblewhite et al. 1987). In addition, use of low density wood results in increased 
tensile strength and burst strength. The effects of wood property variation on the T.M.P. 
process is summarised below (Table 4.5) 
According to the results of the experiments, significant variations between 
-
families were found in basic density (P<0.025), tracheid length (P<0.005) and extractive 
(P<0.05) and lignin content (P<O.O l) but other properties, cell wall thickness both in 
earlywood and latewood, cellulose content and lignin content were not significant 
(P>0.05). 
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Table 4.5. Effects of wood property variation on the T .M.P. process or 
the quality of newsprint produced by T .M.P. 
Wood Property 
Density 
Tracheid length 
Cell wall thickness of 
early and latewood 
Extractive content 
Cellulose content 
Lignin content 
Effects 
Positively correlated with pulp yield, tear strength and 
breaking length. Density is inversely correlated with 
scattering coefficient, freeness, tensile and burst strength. 
Use of lower density wood probably also reduces power 
consumption during refining. 
Positively correlated with tear and to a lesser extent tensile 
strength and breaking length. 
Increases in cell wall thickness particularly of latewood 
increases density_ 
High extractive contents reduce fibre bonding, resulting in 
decreases in tear and burst strength and breaking length. 
High cellulose contents increase both yield and burst 
strength. 
High lignin contents reduce breaking length and burst 
strength of paper and also increase subsequent aging 
(yellowing) of paper. 
The three families studied here can be ranked using the information given in 
Table 4.5. In Table 4.6. families are ranked as either 1, 2 or 3. A higher ranking 
indicates a beneficial effect witq regard to the T.M.P. process. If differences between 
families are significant (P<0.05) then the score is doubled. (See Table 4. 1. for the wood 
property figures relating to the rankings). * 
* A more sophisticated ranking system than this based upon a weighted index or 
an index taking into account relativity between means, i.e., percentages may be a 
better system of ranking families than the ranking system used here. · 
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Table 4.6. Ranking of families with regard to their suitability for T.M.P. 
Wood Property 
Density 
Tracheid length 
Cell wall thickness of earlywood 
Cell wall thickness of latewood 
Extractive content 
Cellulose content 
Lignin content 
Total 
I 
- (6) 
2 
- (2) 
-(3) 
6 
2 
4 
14 
(density and cell wall thickness excluded) 
Total 25 
(density and cell wall thickness included) 
Family 
II 
- (2) 
1 
- (3) 
- (2) 
1 
1 
1 
4 
11 
ill 
- ( 1) 
6 
- (1) 
- (1) 
2 
3 
6 
17 
20 
The ranking system above allows for both the exclusion and inclusion of 
density and associated cell wall thickness variation. If higher density wood with thicker 
early and latewood cell walls are preferred then family I would have the highest ranking. 
If however the density of family III (0.396 g/cm3) was regarded as suffici~ntlv high 
to produce satisfactory pulp yields then its lower density and significantly longer tracheids could 
produce paper with high strength properties. Furthermore, the use of lower density wood 
from family ill could reduce power consumption during refining. Then using the ranking 
method family II can clearly be seen as the least suitable in terms of its wood properties 
for thermo-mechanical pulping and depending on whether higher or lower density wood 
is preferred families I or III respectively could be regarded as more suitable for T.M.P. 
All the wood properties examined here show well documented changes in 
magnitude between growth rings from pith to bark. Generally density, tracheid length, 
cell wall thickness of early and latewood and cellulose content increase from pith to bark 
(Mcconchie and Cown 1984, Wilkes 1989, Corson 1984, Nicholls 1986, Bamber and 
-I, 
.. 
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Burley 1983, Uprichard and Lloyd 1980; Cown and McConchie 1982) where as 
extractive and lignin content decrease (Uprichard and Lloyd 1980; Cown and McConchie 
1982). Ranking of families with regard to differences in their rate of change in wood 
properties over the first 10 growth rings is given below. With the exception of extractive 
and lignin content rapid increases in wood properties were regarded as beneficial. 
Table 4. 7. Ranking of families with regard to differences in their rate of 
change in wood properties. 
Wood Property Family 
I II III 
Density - (3) - (1) - (2) 
Tracheid length 1 2 3 
Cell wall thickness of earlywood - (3) - (2) - (1) 
Cell wall thickness of latewood - (6) - (2) - (1) 
Extractive content 1 3 2 
Cellulose content 3 1 2 
Lignin content 1 2 3 
Total 6 8 10 
(density and cell wall thickness excluded) 
Total 18 13 14 
(density and cell wall thickness included) 
Families are ranked as either 1, 2 or 3. A nigher ranking indicates a more 
beneficial increase or decrease in a particular wood property. If differences between 
families are significant (P<0.05) the score is doubled. (See Table 4.2 for the figures 
relating to the ranking). 
Using the latter ranking system when density and cell wall thickness are 
included family I clearly shows the most rapid increases between growth rings in 
properties regarded as being desirable for T.M.P. pulping. When density and cell wall 
bi 
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thickness are excluded from the ranking system family I becomes the least desirable with 
regard to its suitability for T.M.P. 
Interestingly those families which showed the highest mean density (Family 
I), tracheid length (Family III), and cell wall thickness of latewood (Family I) also 
showed the most rapid increase in these properties between growth rings. Similarly 
family III which has the lowest mean lignin content also shows the most rapid decrease in 
lignin content. 
4.6. Conclusion 
The Primary aim of the work presented in this chapter was to examine the 
differences (if any) in a number of wooo properties between three families of radiata pine 
and secondly using the information obtained to rank families with regard to their 
suitability for thermo-mechanical pulping. The ranking methods outlined above clearly 
reveal differences between families with regard to their possible suitability for thermo-
mechanical pulping. The use of these ranking methods could aid selection of superior 
families by enabling identification and subsequent rejection of families (for example 
family II), which are clearly unsuitable for pulping. Quite clearly the use of ranking 
systems such as those described above is problematic unless the specific wood properties 
required by the end uses are known in some detail. Final selection or ranking of superior 
families however, probably requires detailed examination of the pulping properties of the 
wooo, and more detailed information on the wood property requirements for T.M.P. 
A ~ore s?phisticated. ranking _sys~em than that used above, for example a 
weighted index or an index taking into account relativity between means i e 
percentages, is probably also desirable. ' · ., 
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CHAPTER FIVE 
VARIATIONS IN THE WOOD PROPERTIES OF RADIATA PINE FROM 
PINE BANK, TARAGO, N.S.W. 
5.1. Introduction 
In Chapter Four it was shown that there are significant differences between 
families in certain wood properties that may influence T.M.P. pulping. The presence of 
such differences could allow selection of families with improved wood properties, 
assuming that between family differences are not confounded by large within-family 
(clonal) variation in wood properties. In this chapter the extent of clonal variation in 
wood properties (using measurement taken on young trees over three growth rings) is 
examined in five clones from four families. The implications of these findings for the 
selection of superior families or clones for T.M.P. is also discussed. 
5.2. Difference in wood properties between clones 
Differences in wood properties (mean of measurements taken from three 
growth rings) between clones in the four families examined are shown in Tables 5.1-5.7. 
For the wood properties examined there appears to be large clonal variation within 
families. For example, the mean for family III is 0.405 g/cm3 but clones 2 and 4 have 
mean densities of 0.370g/cm3 and 0.466 g/cm3 respectively. The former is smaller than 
the lowest mean density of 0.385 g/cm3 found in family IV, while the latter is greater than 
highest mean family density found in family I.Similar large variations in fibre length, cell 
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wall thickness of early and latewood, and cellulose, extractive and lignin content are also 
found between clones within families. 
Table 5.1. Tables of means of Basic density (g/cm3) 
Family Clones Range Mean 
1 2 3 4 5 
I 0.420 0.436 0.016 0.428 (0.030) 
II 0.374 0.368 0.350 0.379 0.379 0.011 0.370 (0.028) 
III 0.411 0.370 0.396 0.466 0.381 0.096 0.405 (0.048) 
N 0.386 0.396 0.369 0.366 0.408 0.042 0.385 (0.033) 
Standard deviation in Earentheses 
Table 5.2. Tables of means of Tracheid length (mm) 
Family Clones Range Mean 
1 2 3 4 5 
I · 2.224 2.143 0.081 2.183 (0.297) 
II 2.233 2.243 2.166 2.133 2.093 0.150 2.174 (0.261) 
III 2.233 2.311 2.273 2.262 2.176 0.097 2.251 (0.341) 
N 2.261 2.198 2.203 2.180 2.082 0.179 2.185 (0.315) 
Standard deviation in Earentheses 
Table 5.3. Mean earlywood cell wall thickness (µm) 
Family Clones Range Mean 
1 2 3 4 5 
I 3.711 4.208 0.497 3.960 (0.734) 
II 3.704 3.725 4.321 3.595 3.468 0.853 3.763 (0.609) 
-
III 4.222 3.772 3.489 4.613 3.705 1.124 3.960 (0.834) 
N 4.393 4.612 4.010 3.460 3.835 1.152 4.062 (0.713) 
· Standard deviation in Earentheses 
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Table 5o4e Mean latewood cell wall thickness (µm) 
Family Clones Range Mean 
1 2 3 4 5 
I 7.844 7.569 0.275 7.707 (1.184) 
II 5.823 6.223 7.202 7.351 7.313 1.528 6.782 (1.131) 
III 7.891 6.953 7.536 8.783 7.295 1.830 7.692 (1.201) 
IV 6.809 7.833 7.028 6.877 6.983 1.024 7.106 (1.277) 
Standard deviation in Earentheses 
Table 5.5. Tables of means of extractive content ( o/o) 
FamilI Clones Range Mean 
1 2 3 4 5 
I 3.935 6.268 2.333 5.102 (2.602) 
II 3.789 6.555 5.222 3.212 2.317 4.238 4.219 (3.193) 
III 4.122 7.493 2.224 1.600 1.823 5.893 3.452 (3.121) 
IV 6.048 5.770 5.362 6.136 4.315 1.831 - 5.526 (2.976) 
Standard deviation in Earentheses 
Table 5.6. Tables of means of Alpha-cellulose content ( % ) 
Family Clones Range Mean 
1 2 3 4 5 
I 37.232 37.169 0.063 37 .200( 1.514) 
II 37.453 37.719 38.311 36.803 36.991 1.508 37 .455(1.553) 
III 38.969 38.028 39.120 38.968 36.648 2.472 38.347(1.853) 
IV 34.536 35.872 35.684 34.814 35.516 1.332 35.284( 1. 847) 
Standard deviation in Earentheses 
Table 5. 7. Tables of means of lignin content ( % ) 
Family Clones Range Mean 
1 2 3 4 5 
I 29.996 28.532 1.464 29.264(2.438) 
II 32.301 31.676 31.359 31.111 33.937 2.826 32.077(2.146) 
III 31.732 29.873 29.780 29.514 30.316 2.218 30.243(1.826) 
IV 31.065 31.361 31 .057 31.689 30.798 0.891 31.194(1.967) 
:Standard deviation in Earentheses 
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For each wood property individual sample values for each growth ring ( 1, 2 
and 3) were subjected to an ANOV A (replicate x family x clones within families x 
direction). The results of which are summarised below in Table 5.8. and full details of 
the ANOV A is given in Appendix VI. 
Table 5.8. Summary of the variance ratio and significance of the ANOV As 
undertaken on the clones from Pine Bank. 
Score of Density Tracheid Cell wall thickness Chemical content 
Variation length E.W. L.W. Extractive Cellulose Lignin 
Replication 5.62*** 0.19 4.67*** 1.53 4.90** 0.39 1.58 
Family 3.15 0.82 1.62 2.23 1.06 16.8** 5.37* 
Family/clone 8.92*** 0.50 4.58*** 3.67*** 4.96*** 2.36** 2.65** 
Direction 0.27 0.00 0.25 1.06 2.71 5.79* 0.02 
* P<0.05; ** P<0.01; *** P<0.001 
The ANOV As confirm that there is significant (P<0.05) variation in wood 
properties between clones within families. With the exception of tracheid length 
(P>0.05), all wood properties vary significantly between clones. There is also significant 
(P<0.05) variation in density (P<0.001), cell wall thickness of earlywood (P<0.001 ) and 
extractive content (P<0.01) between replicates . within clones. In contrast, with the 
exception of cellulose content (P<0.05), there was insignificant (P>0.05) variation in 
wood properties within trees at different sample points. 
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5.3. Differences in wood properties between families 
Differences in wood properties between families are shown in Table 5.9. 
Table 5.9. Difference in mean (core) wood properties between families 
Family Sig. 
I II III N 
Density (glcm3) 0.428 0.370 0.405 0.385 n.s. 
Tracheid length (mm) 2.183 2.174 2.251 2.185 ** 
C.W. (E.W) (µm) 3.960 3.763 3.960 4.062 n.s. 
C.W. (L.W) (µm) 7.707 6.782 7.692 7.106 n.s. 
Extractive content ( % ) 5.102 4.219 3.452 5.526 * 
Cellulose content (%) 37 .200 37.455 38.347 35.284 n .s. 
Lignin content(%) 29.264 32.077 30.243 31.194 n. s . 
* =P<0.05, ** =P<0.01, *** = P<0.001, n.s.= P>0.05. 
There is no significant (P>0.05) variation in basic density, tracheid length, 
cell wall thickness of early and latewood and extractive content between families , but 
cellulose (P<0.01) and lignin (P<0.05) do vary significantly between families. Clonal 
differences in wood properties within families are clearly greater than between family 
differences. 
5.4. Discussion 
The results presented earlier show significant variation between clones within 
families in all (with exception of tracheid length) of the wood properties examined. In 
addition, there is also significant (P<0.05) between trees variation (within clones) in 
density, cell wall thickness of earlywood and extractive content. The presence of these 
large within family differences in wood properties probably confounds any differences 
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between families, since only cellulose (P<0.01) and lignin content (P<0.05) differed 
significantly between families here. 
It was proposed in Chapter Four that families could be ranked on the basis of 
wood property differences for their suitability for T.M.P. pulping. The presence of large 
within family differences in wood properties, however, suggests that such a system 
should only be used as preliminary means of screening families. Further selection 
probably requires much more detailed analysis of within family and particularly clonal 
differences. The implication of this for breeding strategies are described in the next 
chapter. 
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CHAPTER SIX 
DISCUSSION AND CONCLUSIONS 
6.1. Introduction 
The review of the bewildering array of controls of wood characteristics given in 
Chapter Two indicates that there is little merit in discussing the possible causes 
of the variation patterns that were found here. Rather the study should be seen as 
indicating that some very important differences do exist within families of 
radiata pine and that these can be identified at an early age (age 15*). The 
implications are discussed here. 
6.2. Implication for tree breeding program 
6.1.1. Variation of wood properties between families and clones 
The studies showed that wood properties varied both between families and 
between clones within families (Table 6.1). Significant family differences occurred in 
basic density, tracheid length, extractive and lignin content in the 15 year old trees in 
Progeny Test 56, Tallaganda (Chapter Four, Appendix II) and in cellulose and lignin 
content in the 6 year old trees at the Pine Bank Clonal Trial, Tarago (Chapter Five, 
Appendix VI). The significant family variations in wood density are in accord with 
previous observations (Burdon and Bannister 1973, Nicholls and Eldridge 1980). * 
Significant differences were also found between clones, within families, in 
basic density, cell wall thickness of both early and latewood, extractive, cellulose and 
lignin content at the Pine Bank trial, Tarago (Chapter Five, Table 6.1). Some previous 
*The studies showed that for some wood properties (basic density, tracheid 
length, extractive content and cellulose content) significant differences were 
found between families at age 15, with the exception of cellulose content, there 
was no significant difference in these properties between the same families at 
age 6. 
I 
I , 
1 1 
, ftrnr:ri, 
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studies (Fielding and Brown 1960, Pawsey and Brown 1969, Walker and Dodd 1988) 
also report significant clonal variation in basic density and tracheid length in radiata pine. 
Table 6.1. Difference in mean (core) wood properties between families 
and between clones 
Wood properties Between families Between clones 
15 yr. old trees 6 yr. old trees 6 yr. old trees 
(P.T. 56) (Pine Bank) (Pine Bank) 
Basic density * N.S. * * * 
Tracheid length * * N.S. N.S. 
Cell wall thickness (E. W) N.S. N .S. *** 
Cell wall thickness (L. W) N.S. N.S. *** 
Extractive content * * N.S. *** 
Cellulose content ** ** ** 
Li~in content N.S. * ** 
* =P<0.05, ** =P<0.01, *** = P<0.001, N.S.= P>0.05. 
A comparison of the family and clonal differences show that there are greater 
differences in wood properties between clones within families than between families in P. 
radiata. Variations of basic density, cell wall thickness of earl ywood and late wood, 
extractive, cellulose and lignin content were significant between clones within families but 
only cellulose and lignin content varied between families (Table 6.1). The extent of the 
difference is also important. Family difference in basic density varied between 0.370 
was 
g/cm3 and0.430g/cm3 but clonal difference"between 0.370 g!cm3 to 0.470g/cm3 within 
family III. Similarly extractive content, which did not differ significantly between 
families, showing a range of between 3.45% and 5.53%, varied by 1.60% to 7 .49%. 
These results suggest that within family selection is possibly more important 
than between family selection. To date, tree breeders have concentrated on selecting trees 
on the basis of family differences. Thus seed orchards are generally used to produce a 
cluster of the best families but no attempt is made to select within the family. This 
bn 
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procedure is taken further in 'vegetative multiplication' when the very best families are 
produced artificially and individual seedlings multiplied vegetatively (Eldridge and 
Owen 1988, Matziris et al. 1988, Shelbourne 1988, Shelbourne et al. 1989). The results 
of these studies suggest these procedures are not giving maximum gain and some "within 
family" selection should complement the" between family" selections. 
6.1.2. Recognition of traits at an early age 
In all tree breeding and selection it is highly desirable to recognize and select 
for traits at a young age. The shorter the time between generations, the more rapid the 
production of new breeds. To date because wood feature! do not become "mature" until 
trees are aged 10 years or more for radiata pine (Bamber and Burley 1983), there has been 
no real attempt to select for wood quality at a young age. 
The ranking of wood properties of each family at the two locations are shown 
in Table 6.2. The similarity of the trend of the wood properties is significant only in 
tracheid length when tested by the Spearman rank correlation coefficient (Siegel 1956). 
However, only three pairs of samples were available in this study and this is too small a 
sample to make statistically valid assumptions. In four of the seven characters the top 
ranked family was the same. This indicates it might be possible to select on the 
differences present at age 6. Also study of the trends over time in the older trees also 
indicates that the top ranking families at age 6 were still top ranked at age 15. Thus early 
selection for wood properties at age 6 appears to be a definite possibility. 
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Table 6.2. Ranking of mean wood properties differences between families 
with regard to their suitability for T.M.P. 
Wood property Age Family 
Family I Family II Family III 
Basic density Young 1 3 2 
Old 1 2 3 .1 
Tracheid length Young 2 3 1 
Old 2 ~ 1 :) 
Cell wall thickness (E.W) Young 3 1 2 
Old 2 3 1 
Cell wall thickness (L. W) Young 3 1 2 
Old 3 2 1 
Extractive content Young 3 2 1 
Old 1 3 2 
Cellulose content Young 3 2 1 
Old 2 3 1 
Lignin content Young 3 2 1 
Old 2 3 1 
Families are ranked as either 1, 2, or 3, with 1 indicating the highest ranking when higher 
densitr wood is Eref erred. 
6.1.3. Selection of superior families or clones or trees 
6.1.3.1. Need for an index for selection of families, clones 
or trees 
The genetic differences in several wood qualities indicate the need for a 
properly weighted index to aid selection of superior families, individual trees and clones. 
The index should be based on the suitability of phenotypic (i.e. growth rate, bole 
straightness, branching habit, disease resistance) and wood characters for end use, but the 
weight of merit for each character will be different for each end use according to their 
effect on the quality of the products and cost of production. To decide the weight of merit 
for the characters, the advantages and disadvantages of the characters for each end use 
should be intensively studied. 
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To date, families and trees have been generally selected or ranked by 
phenotypic selection of growth rate (volume), bole straightness and branching habit and 
disease resistance (Shelbourne et al. 1989) but wood properties are clearly also important. 
However, the most desirable wood properties differ for different end uses (Haygreen and 
Bowyer 1982, Bamber and Burley 1983). For example, thicker cell walled fibres are 
more desirable for structural timbers but less desirable for pulp and paper quality. Thus 
not only is there a need for an index but different indices may be required for different end 
uses. 
6.1.3.2. Assumption used in developing a tentative index for 
this study 
In this study the trees were being tested for the suitability for T.M.P. and it 
would be desirable to rank families on their suitability for this purpose. However, the 
desirable wood properties for T.M.P. have not been precisely determined. The possible 
advantages and disadvantages of the different wood properties for T.M.P. were discussed 
in Chapter Two (2.7.1-2.7.3) and Chapter Four (4.5). The method of ranking families 
reported in Chapter Four could be used as an index to select superior families and 
individual trees and clones for T.M.P. process. 
6.1.3.3. Possibility of selecting and ranking trees by their 
wood properties 
Although it would be possible to rank and select trees, clones and families 
using an index similar to that outlined earlier, the analyses undertaken to determine wood 
properties are very time consuming. For example, in this study analysis took 10-15 days 
per 6 year old tree and 20-30 days per 15 year old tree. It might be better therefore to 
select trees by phenotypic characters and then select among those for wood quality in 
accord with the required end uses. 
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6.2. Conclusions 
The main conclusions that may be derived from this study are: 
1. There are significant variations in wood properties between families of 
radiata pine. Based on the desirable wood properties for T.M.P., family III and I are 
superior at both locations in Progeny test 56, Tallaganda and at Pine Bank, Tarago. In 
selection of families, evaluation should be based firstly on phenotypic selection and 
secondly on desirable wood properties for specific end uses (i.e. structural timber, pulp 
and paper). 
2. There are greater variations in wood properties between clones of radiata 
pine than between families and, therefore, clonal selection could possibly yield benefits. 
3. A proper weighted index by both phenotypic and wood characteristics for 
each end use should be produced and used to select superior trees, clones or families 
However, it will be very time consuming to analyse each tree for wood 
properties. Therefore, initially, clones should be selected by phenotypic selection and 
then superior clones among these should be selected by ' 
appropriate index. 
wood properties using an 
Selection of trees should be carried out at early age. Analysis of wood 
properties is always very time consuming but studying younger trees is easier and it 
takes a shorter time. These studies indicate that such analysis can also give relatively 
similar information to analyses undertaken on older trees. However, further studies are 
needed to confirm this finding. 
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APPENDIX II 
ANOVAS ON MEAN WOOD PROPERTIES IN RADIATA PINE FROM 
THE PROGENY TEST 56, TALLAGANDA, N.S.W. 
Table 1. Analysis of variance 
Variate: mean basic density 
Source of variation d. f. ( m. v ~) s . s . 
Family 2 0.0137990 
Direction 1 0.0008941 
Family-Tree 5(1) 0.0052415 
Family-Direction 2 0.0006244 
Residual 5(1) 0.0031349 
Total 15(2) 0.0202238 
Table 2. Analysis of variance 
Variate: mean tracheid length 
Source of variation d.f.(m.v.) s. s. 
Family 2 0.53824 
Direction 1 0.01043 
Family-Tree 5(1) 0.30315 
Family-Direction 2 0.02431 
Residual 5(1) 0.06968 
Total 15(2) 0.93171 
Table 3. Analysis of variance 
m.s. v.r. 
0.0068995 11.00 
0.0008941 1.43 
0.0010483 1.67 
0.0003122 0.50 
0.0006270 
m.s. v.r. 
0.26912 19.31 
0.01043 0.75 
0.06063 4.35 
0.01215 0.87 
0.01394 
Variate: mean cell wall thickness (earlywood) 
Source of variation d.f.(m.v.) S.S. m.s. v.r. 
Family 2 0.1530 0.0765 0.56 
Direction 1 0.2660 0.2660 1.95 
Family-Tree 5(1) 1.0646 0.2129 1.56 
Family-Direction 2 0.2727 0.1363 1.00 
Residual 5(1) 0.6815 0.1363 
Total 15(2) 2.2774 
. 
s1g. 
P<0.025 
n .s . 
n.s. 
n.s. 
sig. 
P<0.005 
n.s. 
n.s . 
n. s. 
. 
s1g. 
n.s. 
n.s . 
n.s. 
n.s. 
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Table 4. Analysis of variance 
Variate: mean cell wall thickness (Iatewood) 
Source of variation d.f.(m.v.) 
Family 2 
Direction 1 
Family-Tree 5(1) 
Family-Direction 2 
Residual 5(1) 
Total 15(2) 
Table 5. Analysis of variance 
Variate: mean extractive content 
Source of variation d.f.(m.v.) 
Family 2 
Direction 1 
Family-Tree 5(1) 
Family-Direction 2 
Residual 5(1) 
Total 15(2) 
Table 6. Analysis of variance 
Variate: mean cellulose content 
Source of variation d.f.(m.v.) 
Family 2 
Direction 1 
Family-Tree 5(1) 
Family-Direction 2 
Residual 5(1) 
Total 15(2) 
Table 7. Analysis of variance 
Variate: mean lignin content 
s. s. 
2.2934 
0.2221 
2.3963 
0.6132 
2.1468 
6.9527 
s. s. 
4.9613 
1.3938 
15.6070 
0.5205 
1.6254 
23.1439 
s. s. 
0.5432 
3.8023 
2.9467 
0.3266 
4.1071 
11.5799 
Source of variation d. f. ( m. v.) s. s. 
Family 2 11.8848 
Direction 1 0.0298 
Family-Tree 5(1) 5.0779 
Family-Direction 2 0.3564 
Residual 5(1) 1.7997 
Total 15(2) 18.6280 
m.s. 
1.1467 
0.2221 
0.4793 
0.3066 
0.4294 
m.s. 
2.4807 
1.3938 
0.1214 
0.2603 
0.3251 
m.s. 
0.2716 
3.8023 
0.5893 
0.1633 
0.8214 
m.s. 
5.9424 
0.0298 
1.0156 
0.1782 
0.3599 
. 
v.r. s1g. 
2.67 n. s. 
0.52 n. s. 
1.12 n.s. 
0.71 n. s. 
. 
v.r. s1g. 
20.434 P<0.01 
4.29 n. s. 
9.60 P<0.025 
0.80 n. s. 
. 
v.r. SI g. 
0.33 n.s. 
4.63 n. s. 
0.72 n .s. 
0.20 n.s. 
. 
v.r. s1g. 
16.51 P<0.01 
0.08 n.s. 
2.82 n.s. 
0.50 n.s. 
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APPENDIX III 
REGRESSION ESTIMATES FOR EACH WOOD PROPERTY AND CORE 
SAMPLED IN PROGENY TEST 56, TALLAGANDA, N.S.W. 
Table 1. Estimates of regression coefficients (basic density) 
Family Tree Direction estimate s.e. t Sig. 
I 2 s 0.01684 0.00303 5.55 * * * 
I 2 E 0.01039 0.00412 2.52 * 
I 3 s 0.01824 0.00403 4.53 * * 
I 3 E 0.00724 0.00488 1.48 N.S. 
II 1 s 0.00327 0.00300 1.09 N.S. 
II 1 E 0.00236 0.00166 1.42 N.S. 
II 2 s 0.00861 0.00176 4.88 ** 
II 2 E 0.01000 0.00197 5.08 *** 
II 3 s 0.01358 0.00268 5.12 *** 
II 3 E 0.01042 0.00339 3.07 * 
ill 1 s 0.01012 0.00226 4.49 * * 
ill 1 E 0.00964 0.00182 5.29 * * * 
III 2 s 0.00879 0.00259 3.39 ** 
III 2 E 0.01006 0.00169 5.95 * * * 
III 3 s 0.01006 0.00230 4.38 ** 
III 3 E 0.00970 0.00186 5.21 * * * 
* = P<0.05, * * = P<0.01, * * * = P<0.001, N.S. = non significant (P>0.05) 
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Table 2. Estimates of regression coefficients (tracheid length) 
Family Tree Direction estimate s.e. t Sig . 
I 2 s 0.2175 0.0219 9.92 *** 
I 2 E 0.2296 0.0173 13.26 * * * 
I 3 s 0.2055 0.0101 20.44 * * * 
I 3 E 0.2281 0.0141 16.21 * * * 
II 1 s 0.2316 0.0097 23.90 * * * 
II 1 E 0.2392 0.0139 17.16 *** 
II 2 s 0.2062 0.0112 18.39 * * * 
II 2 E 0.1958 0.0106 18.52 * * * 
II 3 s 0.2459 0.0187 13.13 * * * 
II 3 E 0.2831 0.0195 14.48 *** 
III 1 s 0.2666 0.0319 8.37 *** 
III 1 E 0.3388 0.0206 16.48 * * * 
III 2 s 0.2624 0.0214 12.24 * * * 
III 2 E 0.2524 0.0260 9.72 * * * 
III 3 s 0.1917 0.0190 10.08 * * * 
III 3 E 0.2362 0.0140 16.83 * ** 
* = P<0.05, * * = P<0.01 , * * * = P<0.001, N.S. = non significant (P>0.05) 
Table 3. Estimates of regression coefficients ( earlywood cell wall 
thickness) 
Family Tree Direction estimate s.e. t Sig. 
I 2 s 0.4821 0.0588 8.19 * * * 
I 2 E 0.2230 0.0356 4.16 * * 
I 3 s 0.2294 0.0661 3.47 * * 
I 3 E 0.2655 0.0639 4.15 ** 
II 1 s 0.2328 0.0555 4.19 * * 
II 1 E 0.1240 0.0608 2.04 N.S. 
II 2 s 0.1412 0.0684 2.06 N.S. 
II 2 E 0.1472 0.0924 1.59 N .S. 
II 3 s 0.4445 0.0909 4.89 * * 
II 3 E 0.2671 0.0690 - 3.87 ** 
III 1 s 0.1655 0.0867 1.91 N .S. 
ill 1 E 0.2323 0.0736 3.16 * 
III 2 s 0.1628 0.0529 3.08 * 
III 2 E 0.0524 0.0752 0.70 N .S . 
III 3 s 0.1785 0.0939 1.90 N. S. 
III 3 E 0.2125 0.0652 3.26 * 
* = P<0.05 , * * = P<0.01 , * * * = P<0.001, N.S. = non significant (P>0.05) 
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Table 4. Estimate of regression coefficients (Iatewood cell wall 
thickness) 
Family Tree Direction estimate s.e. t Sig. 
I 2 s 0.067 0.118 5.32 * * * I 2 E 0.693 0.125 5.52 * * * I 3 s 0.294 0.120 2.45 * 
I 3 E 0.631 0.106 5.96 * * * 
II 1 s 0.287 0.114 2.51 * 
II 1 E 0.307 0.080 3.82 * * 
II 2 s 0.298 0.103 2.91 * 
II 2 E 0.220 0.105 2.09 N.S. 
II 3 s 0.612 0.086 7 .11 *** II 3 E 0.311 0.136 2.28 N.S. 
III 1 s 0.259 0.147 1.76 N.S. 
III 1 E 0.504 0.094 5.35 * * * 
III 2 s 0.190 0.076 2.51 * III 2 E 0.228 0.143 1.59 N.S. 
ill 3 s 0.354 0.083 4.25 ** 
III 3 E 0.367 0.057 6.47 * * * 
* = P<0.05, * * = P<0.01, * * * = P<0.001, N.S. = non significant (P>0.05) 
Table 5. Estimates of regression coefficients (extractive content) 
Family Tree Direction estimate s.e. t Sig. 
I 2 s 0.0238 0.0749 0.32 N.S. 
I 2 E 0.0168 0.0928 0.18 N.S. 
I 3 s 0.7550 0.1370 5.50 * * * 
I 3 E 0.2980 0.1100 2.71 * 
II 1 s 0.0560 0.1080 0.52 N.S. 
II 1 E 0.2100 0.1280 1.65 N.S. 
II 2 s - 0.1376 0.0795 - 1.73 N.S. 
II 2 E - 0.0738 0.0741 - 0.99 N.S. 
II 3 s 0.2607 0.0613 2.46 * 
II 3 E 0.1508 0.0636 2.37 * 
III 1 s 0.1548 0.0956 1.62 N.S. 
III 1 E 0.2176 0.0870 2.50 * 
III 2 s 0.0322 0.0735 0.44 N.S. 
III 2 E 0.1587 0.0638 2.49 * 
III 3 s 0.3656 0.0980 3.73 * * 
III 3 E 0.1400 0.1810 0.77 N.S. 
* = P<0.05, * * = P<0.01, * * * = P<0.001, N.S. = non significant (P>0.05) 
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Table 6. Estimate of regression coefficients (cellulose content) 
!. Family Tree Direction estimate s.e. t Sig. 
I 2 s 0.456 0.101 4.52 * * 
I 2 E 0.694 0.188 3.69 ** 
I 3 s 0.659 0.097 6.78 *** 
I 3 E 1.210 0.116 10.44 *** 
II 1 s 0.672 0.118 5.71 *** 
II 1 E 0.635 0.134 4.75 * * 
II 2 s 0.249 0.111 2.24 N .S. 
II 2 E 0.606 0.135 4.47 * * 
II 3 s 0.490 0.168 2.92 * 
II 3 E 0.660 0.237 2.78 * 
III 1 s 0.750 0.268 2.80 * 
III 1 E 0.769 0.111 6.91 * * * 
ill 2 s 0.701 0.152 4.62 ** 
III 2 E 0.128 0.223 0.57 N.S. 
I· 
ill 3 s 0.572 0.055 10.37 *** 
ill 3 E 0.807 0.104 7.79 *** 
* = P<0.05, * * = P<0.01, * * * = P<0.001, N.S. = non significant (P>0.05) 
Table 7. Estimates of regression coefficients (lignin content) 
Family Tree Direction estimate s.e. t Sig. 
I 2 s - 0.109 0.102 - 1.07 N.S. 
I 2 E - 0.567 0.080 - 7.10 *** 
I 3 s - 0.215 0.178 - 1.21 N.S. 
I 3 E - 0.108 0.146 - 0.74 N.S. 
II 1 s - 0.502 0.218 - 2.31 * 
II 1 E - 0.088 0.224 - 0.39 N.S. 
II 2 s - 0.628 0.196 - 3.21 * 
II 2 E - 0.336 0.164 - 2.06 N.S . 
II 3 s - 0.351 0.126 - 2.80 * 
II 3 E 0.099 0.113 0.88 N.S. 
III 1 s - 0.311 0.152 - 2.05 N.S. 
III 1 E - 0.792 0.213 - - 3.72 ** 
III 2 s - 0.675 0.157 - 4.29 ** 
III 2 E - 0.091 0.097 - 0.94 N .S. 
ill 3 s - 0.193 0.156 - 1.24 N.S. 
ill 3 E - 0.475 0.055 - 8.57 * * * 
* = P<0.05, * * = P<0.01, * * * = P<0.001, N.S. = non significant (P>0.05) 
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APPENDIX IV. 
MEANS OF THE WOOD PROPERTIES IN RADIATA PINE FROM THE 
PROGENY TEST 56, T ALLAGANDA, N.S.W. 
Table 1. Tables of means of basic density (g/cm3) 
Family Tree 
1 2 3 
I 0.4818 (0.051) 0.4314 (0.056) 
II 0.4035 (0.049) 0.3975 (0.032) 0.3970 (0.048) 
ill 0.3960 (0.034) 0.4005 (0.037) 0.4200 (0.034) 
Standard deviation in parentheses 
Table 2. Tables of means of Tracheid length (mm) 
Family Tree 
1 2 3 
I 3.453 (0.679) 3.107 (0.662) 
II 2.982 (0.701) 2.881 (0.600) 3.175 (0.800) 
ill 3.509 (0.933) 3.529 (0.787) 3.255 (0.655) 
Standard deviation in parentheses 
Mean 
0.4566 (0.059) 
0.3993 (0.042) 
0.3965 (0.041) 
Mean 
3.280 (0.685) 
3.013 (0.704) 
3.431 (0.796) 
Table 3. Tables of mean earlywood cell wall thickness (µm) 
Family Tree Mean 
1 2 3 
I 5.153 (1.203) 5.330 (1.050) 5.242 (1.118) 
II 5.209 (0.740) 5.187 (0.813) 5.805 (1.275) 5.400 (0.998) 
III 5.597 (0.959) 5.050 (0.652) 4.898 (0.955) 5.182 (0.905) 
Standard deviation in parentheses 
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Table 4. Tables of mean Iatewood Cell wall thickness (µm) 
Family Tree 
1 2 
I 9. 66 (2.194) 
II 8.46 (1.258) 8.61 (1.204) 
III 8.94 ( 1.569) 8.26 (1.297) 
Standard deviation in parentheses 
3 
9.06 (1.878) 
9.56 (1.730) 
8.27 (1.303) 
Table 5. Tables of means of Extractive content ( % ) 
Family Tree 
1 2 3 
I 2.56 (0.766) 4.43 (1.994) 
II 4.41 (1.238) 6.35 (0.922) 3.58 (0.844) 
III 3.83 (1.286) 3.38 (0.779) 5.30 ( 1.482) 
·Standard deviation in parentheses 
Table 6. Tables of means of Alpha-cellulose content ( % ) 
Family Tree 
1 2 3 
I 40.30 (2.141) 39.00 (3.042) 
II 39.36 (2.369) 39.08 (1.715) 39.75 (2.530) 
III 40.24 (2.879) 39.34 (2.614) 39.88 (2.208) 
Standard deviation in parentheses 
Table 7. Tables of means of Lignin content ( % ) 
Family Tree 
1 2 3 
I 26.87 (1.523) 27.60 (1.651) 
II 29.49 (2.132) 29.26 (2.114) 27.79 (1.276) 
III 27 .62 (2.360) 26.86 (1.762) 26.60 ( 1.448) 
.. Standard deviation in parentheses 
Mean 
9.36 (2.039) 
8.88 (1.477) 
8.49 (1.409) 
Mean 
3.50 (1.767) 
4.78 (1.536) 
4.17 (1.456) 
Mean 
39.65 (2.679) 
39.40 (2.213) 
39.82 (2.566) 
Mean 
27.24(1.611) 
28.85 (2.001) 
27 .03 ( 1. 927) 
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APPENDIX V 
ANOVAS ON REGRESSION ESTIMATES IN RADIATA PINE FROM 
THE PROGENY TEST 56, T ALLAGANDA, N.S.W. 
Table 1. Analysis of variance (density) 
Variate: Linear 
Source of variation 
Family 
Direction 
Family-Tree 
Family-Direction 
Residual 
Total 
d.f.(m.v.) s.s. 
2 0.823E-04 
1 0.449E-04 
5(1) 0.901E-04 
2 0.706E-04 
5(1) 0.113E-04 
15(2) 0.243E-03 
m.s. 
0.412E-04 
0.449E-04 
0.190E-04 
0.353E-04 
0.226E-05 
Table 2. Analysis of variance (tracheid length) 
Variate: linear 
Source of variation d.f.(m.v.) s. s. m.s. 
Family 2 0.0044205 0.0022102 
Direction 1 0.0020718 0.0020718 
Family-Tree 5(1) 0.0119626 0.0023925 
Family-Direction 2 0.0004741 0.0002371 
Residual 5(1) 0.0023577 0.0004715 
Total 15(2) 0.0204755 
v.r. 
2.28 
1.27 
7.96 
15.58 
v.r. 
0.92 
4.39 
5.07 
0.50 
Table 3. Analysis of variance (earlywood cell wall thickness) 
Variate: linear 
Source of variation 
Family 
Direction 
Family-Tree 
Family-Direction 
Residual 
Total 
d.f.(m.v.) s.s. 
2 0.053008 
1 0.021674 
5(1) 0.073375 
2 0.010102 
5(1) 0.039274 
15(2) 0.180543 
m.s. v.r. 
0.026504 3.37 
0.021674 2.76 
0.014675 1.87 
0.005051 0.64 
0.007855 
. 
s1g. 
n.s . 
n.s. 
* 
* * 
. 
s1g. 
n.s. 
n. s. 
* 
n.s. 
. 
s1g. 
n.s. 
n.s. 
n.s. 
n.s. 
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Table 4. Analysis of variance (Iatewood cell wall thickness) 
Variate: linear 
Source of variation d.f.(m.v.) . S.S. m.s. v.r. SI g. 
Family 2 0.21868 0.10934 8.88 * 
Direction 1 0.01630 0.01630 1.32 n. s. 
Family-Tree 5(1) 0.12033 0.02407 1.95 n. s. 
Family-Direction 2 0.08064 0.04032 3.27 n. s. 
Residual 5(1) 0.06159 0.01232 
Total 15(2) 0.42290 
Table 5. Analysis of variance (extractive content) 
Variate: linear 
Source of variation d.f.(m.v.) . s. s. m.s. v.r. s1g. 
Family 2 0.12278 0.06139 1.62 n.s. 
'I· Direction 1 0.04532 0.04532 1.20 n.s. Family-Tree 5(1) 0.37178 0.07436 1.96 n .s. 
Family-Direction 2 0.05384 0.02692 0.71 n.s. 
Residual 5(1) 0.18950 0.03790 
Total 15(2) 0.72780 
Table 6. Analysis of variance ( cellulose content) 
Variate: linear 
Source of variation d.f.(m.v.) s. s. m.s. v.r. sig. 
Family 2 0.12776 0.06388 1.34 n. s. 
Direction 1 0.10166 0.10166 2.13 n. s. 
Family-Tree 5(1) 0.31469 0.06294 1.32 n.s. 
Family-Direction 2 0.18858 0.09429 1.98 n.s. 
Residual 5(1) 0.23835 0.04767 
Total 15(2) 0.86478 
Table 7. Analysis of variance (lignin content) 
Variate: linear 
Source of variation d.f.(m.v.) s. s. m.s. v.r. sig. 
Family 2 0.09490 0.04745 0.58 n.s. 
Direction 1 0.01146 0.01146 0.14 n.s. 
Family-Tree 5(1) 0.21027 0.04205 0.52 n.s. 
Family-Direction 2 0.26258 0.13129 1.61 n.s. 
Residual 5(1) 0.40664 0.08133 
Total 15(2) 0.95809 
I· 
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APPENDIX VI 
ANOV AS OF THE WOOD PROPERTIES IN RADIAT A PINE FROM 
THE PINE BANK, TARAGO, N.S.W. 
Table 1. Summary analysis of variance 
Variate: mean basic density 
TERMS RESIDUAL 
DF SS 
Initial model 203 0.3381209 
constant 
Modifications to model 
CHANGE 
DF SS 
* * 
NlEAN 
CHANGE 
VARIANCE 
RATIO 
Sig. 
+rep 200 0.3239088 3 0.0142121 0.0047374 5.62 P<0.001 
+family 197 0.2528975 3 0.0710114 0.0236705 3.15 N .S. 
+family-clone 184 0.1551548 13 0.0977427 0.0075187 8.92 P<0.00 
** DENOMINATOR OF RATIO IS RES. SS /RES.DF FROM LINE ABOVE= 
0.0008432 
+direction 183 0.1549261 1 0.0002287 0.0002287 0.27 N .S. 
Table 2. Summary analysis of variance 
Variate: mean Tracheid length 
TERMS RESIDUAL CHANGE 
Initial modal 
constant 
DF SS DF SS 
203 18.98799 * * 
NIE.AN V ARIAl"I CE Sig. 
CHANGE RATIO 
** DENOMINATOR OF RA TIO IS RES. SS /RES.DF FROM LINE ABOVE= 0.09354 
Modifications to model 
+rep 200 18.93527 3 
+family 197 18.70561 3 
+family-clone 184 18.09364 13 
+direction 183 18.09361 1 
0.05272 
0.22967 
0.61197 
0.00002 
0.01757 
0.07656 
0.04707 
0.00002 
0.19 
0.82 
0.50 
0.00 
N .S. 
N.S. 
N.S. 
N.S. 
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Table 3. Summary analysis of variance 
Variate: Earlywood cell wall thickness 
TERMS 
Initial model 
constant 
RESIDUAL 
DF SS 
203 108.1287 
Modifications to model 
CHANGE 
DF SS 
* * 
MEAN 
CHANGE 
VARIANCE Sig. 
RATIO 
+rep 200 102.3651 3 5.7725 1.9242 4.67 P<0.001 
+family 197 100.3535 3 2.0026 0.6675 1.62 N .S. 
+family-clone 184 75.8326 13 24.5209 1.8862 4.58 P<0.00 
DENOMINATOR OF RATIO IS RES~ SS /RES.DF FROM LINE ABOVE= 0.4121 
+direction 183 7 5. 7289 1 0.1037 0.1037 0.25 N. S. 
Table 4. Summary analysis of variance 
Variate: Latewood cell wall thickness 
TERMS 
Initial model 
constant 
RESIDUAL 
DF SS 
203 319.853 
Modifications to model 
CHANGE 
DF SS 
* * 
MEAN 
CHANGE 
VARIANCE Sig. 
RATIO 
+rep 200 314.243 3 5.610 1.870 1.53 N.S. 
+family 197 284.154 3 30.089 10.030 2.23 N. S. 
+family-clone 184 225.599 13 58.555 4.504 3.67 P<0.001 
+direction 183 224.300 1 1.299 1.299 1.06 N.S. 
** DENOMINATOR OF RATIO IS RES. SS /RES.DF FROM LINE ABOVE= 1.226 
Table 5. Summary analysis of variance 
Variate: Extractive content 
TERMS RESIDUAL 
DF SS 
CHANGE 
DF SS 
Initial model 
constant 203 1997 .063 * * 
Modifications to mcxlel 
MEAN VARIANCE Sig. 
CHANGE RATIO 
+rep 200 1892.534 3 104.529 34.843 4.90 P<0.003 
+family 197 1780.364 3 112.170 37.390 1.06 N.S. 
+family-clone 184 1321.384 13 458.980 35.306 4.96 P<0.00 
+direction 183 1302.133 1 19.251 19.251 2.71 N.S. 
** DENOMINATOR OF RATIO IS RES. SS /RES.DFFROMLINE ABOVE= 7.115 
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Table 6. Summary analysis of variance 
Variate: Cellulose content 
TERMS 
Initial model 
constant 
RESIDUAL 
DF SS 
203 897.260 
Modifications to model 
CHANGE 
DF SS 
* * 
NIE.AN VARIANCE Sig. 
CHANGE RATIO 
+rep 200 894.198 3 3.062 1.021 0.39 N.S. 
+family 197 570.936 3 314.262 104.754 16.80 P<0.002 
+family-clone 184 498.899 13 31.037 6.301 2.36 P<0.006 
+direction 183 483.598 1 15.301 15.301 5.79 P<0.016 
** DENO:MINATOR OF RATIO IS RES. SS /RES.DP FROM LINE ABOVE= 2.643 
Table 7. Summary analysis of variance 
Variate: Lignin content 
TERMS 
Initial model 
constant 
RESIDUAL 
DF SS 
203 1011.558 
Modifications to model 
CHANGE 
DF SS 
* * 
NIE.AN VARIAN CE Sig. 
CHANGE RATIO 
+rep 200 993.492 3 18.066 6.022 1.5 8 N. S. 
+family 197 830.957 3 162.535 54.178 5.37 P<0.013 
+family-clone 184 699.923 13 131.033 10.079 2.65 P<0.002 
** DENO:MINATOR OF RATIO IS RES. SS /RES.DP FROM LINE ABOVE= 3.804 
+direction 183 699.832 1 0.091 0.091 0.02 N.S. 
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APPENDIX VII 
MEAN OF THE WOOD PROPERTIES IN RADIATA PINE FROM 
PINE BANK, TARAGO, N.S.W. 
Table 1. Tables of means of Basic density (g/cm3) 
Family Clone Mean 
1 2 3 4 5 
I 0.420 (0.022) 0.436 (0.035) 0.428 (0.030) 
II 0.374 (0.022) 0.368 (0.013) 0.350 (0.021) 0.379 (0.037) 0.379 (0.034) 0.370 (0.028) 
III 0.411 (0.038) 0.370 (0.021) 0.396 (0.027) 0.466 (0.044) 0.381 (0.041) 0.405 (0.048) 
N 0.386 (0.020) 0.396 (0.038) 0.369 (0.031) 0.366 (0.018) 0.408 (0.035) 0.385 (0.033) 
*Srandard deviation in Earentheses 
Table 2. Tables of means of Tracheid length (mm) 
Family Clone Mean 
1 2 3 4 5 
I 2.224 (0.258) 2.143 (0.338) 2.183 (0.297) 
II 2.233 (0.243) 2.243 (0.288) 2.166 (0.234) 2.133 (0.288) 2.093 (0.259) 2.174 (0.261) 
III 2.233 (0.360) 2.311 (0.315) 2.273 (0.346) 2.262 (0.394) 2.176 (0.332) 2.251 (0.341) 
N 2.261 (0.331) 2.198 (0.275) 2.203 (0.294) 2.180 (0.351) 2.082 (0.344) 2.185 (0.315) 
* Srandard deviation in Earentheses 
Table 3. Mean earlywood cell wall thickness (µm) 
Family Clone Mean 
1 2 3 4 5 
I 3.711 (0.536) 4.208 (0.839) 3.960 (0.734) 
II 3.704 (0.501) 3.725 (0.493) 4.321 (0.432) 3.595 (0.554) 3.468 (0.731) 3.763 (0.609) 
III 4.222 (0.666) 3.772 (0.790) 3.489 (0.576) 4.613 (1.096) 3.705 (0.489) 3.960 (0.834) 
N 4.393 (0.544) 4.612 (0.525) 4.010 (0.680) 3.460 (0.462) 3.835 (0.759) 4.062 (0.713) 
*Srandard deviation in Earentheses 
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Table 4. Mean latewood cell wall thickness (µm) 
Family Clone Mean 
1 2 3 4 5 
I 7 .844 (1.242) 7.569 (1.162) 7.707 (1.184) 
II 5.823 (0.959) 6.223 (0.923) 7.202 (0.503) 7.351 (1.416) 7.313 (0.783) 6.782 (1.131) 
ill 7.891 (0.844) 6.953 (0.836) 7.536 (1.168) 8.783 (1.420) 7.295 (0.902) 7.692 (1.201) 
N 6.809 (0.9992 7.833 (1.0002 7.028 (1.2352 6.877 (1.427) 6.983 (1.5592 7.106 (1.277) 
*Srandard deviation in parentheses 
Table 5. Tables of means of Extractive content ( % ) 
Family Clone Mean 
1 2 3 4 5 
I 3.935 (2.518) 6.268 (2.206) 5.102 (2.602) 
II 3.789 (2.699) 6.555 (3.475) 5.222 (3.172) 3.212 (3.443) 2.317 (1.053) 4.219 (3 .193) 
ill 4.122 (2.811) 7.493 (3.239) 2.224 (2.039) 1.600 (1.227) 1.823 (1.270) 3.452 (3.121) 
N 6.048 (3.3642 5.770 (2.5552 5.362 (2.734) 6.136 (3.6892 4.315 (2.484) 5.526 (2.976) 
*Srandard deviation in parentheses 
Table 6. Tables of means of Alpha-cellulose content (%) 
Family Clone Mean 
1 2 3 4 5 
I 37.232(1.477) 37.169(1.615) 37.200(1.514) 
II 37.453(1.519) 37.719(1.443) 38.311(1.116) 36.803(0.931) 36.991(2.206) 37.455(1.553) 
ill 38.969(1.121) 38.028(1.542) 39 .120(1.942) 38.968(1.480) 36.648(2.017) 38.347(1.853) 
N 34.536(1.436) 35.872(1.4672 35.684(1.8372 34.814(1.9122 35.516(2.3652 35.284(1.847) 
* Srandard deviation in parentheses 
Table 7. Tables of means of Lignin content ( % ) 
Family Clone Mean 
1 2 3 4 5 
I 29.996(2.659) 28.532(2.045) 29.264(2.438) 
II 32.301(1.412) 31.676(1.566) 31.359(1.805) 31.111(1.746) 33.937(2.892) 32.077(2.146) 
ill 31.732(2.953) 29 .873( 1.044) 29.780(1.319) 29.514(1.380) 30.316(1.020) 30.243(1.826) 
N 31.065(1.7692 31.361(2.128) 31.057(2.8902 31.689(1.305) 30.798(1.595) 31.194(1.9672 
*Srandard deviation in parentheses 
